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MINERALOGY AND GEOLOGY OF THE WAGNERJTE OCCURRENCE 
ON SANTA FE MOUNTAIN, FRONT RANGE, COLORADO 



By DoL'CLAS M. Shejuoan, Sherman P. Marsh, 
Maiv E. Mmme, and Rjchakd B. Tavloi 



ABSTXACr 

lUe lint kncwm ocxuncncz in the Unked Sttmof wagneme,a ran- 
magneiiuin HuofihaipluHe, b«i Sinn Fc MoaiiHuntM«rMalM»SpriiiKs 
in the Colofado From Range. Wagw«rit*oteBi»wiiiiiwr«omrimtBt€i< 

thill ieme* of sillimanile-pbiKiociaar gncis of pRtambriin Odm 
fniwruk in ihr ^lu iss a rc cjorundum. ruiilr. p^lr Ihhwii biuliir, iipaiilf . 
monauir. lirron, and KHinnalinr .TTK »illini,iiiii<' |iljKio(U«rgneiui>a 
|i« .<1 litholiigu v^tri.irii >if a pmiilrni la)« of ruiili -b< anngullimanitr- 
<l 11.111/ t^iK ivv and irlaud rock* thai hiu been (need 13 km along nZ- 
>hjp.^i iu)(i iuu dma w M d from clw aotdion Hank «f Smm H 

Mountain. 

The wagnerilr from Sanu Fc Mounuin i> anhrdial, moMly fine 
Itrainrd. and pale >'cllaw to yclknvitb lan. Ltuirr it viiteous lu iligliily 
minout. Ckcav-age (100) it very poof. In uanintilird liglht. Kiains an- 
coiutleu and nonpleochroif . The indices of refraction and ibe ofilic 
angle Uww ■ nnp in values: a*I.J6&-l.57l, j8 >l JST-UTl 
r'^jn-UStS <aU t MOSH t*»V^-ir {±1% mvamn ii r>v. 

ToMMMI fdaiiMM iodicaie that a ungle suble mUmt aHonUage 
cfiaracMriKt die tilUiMiiite-plagioclaK gneiu: wagnRiir^plagiodaar 
(;>lbiir^ffibniUlic sillinuflile'*inagnetian biotiic. To ihb aiMmblaKe 
may be added unall amounts of ruiile, monaziie. mton. and apaliic, 
minriait interred to reprcienl phasa belonging tn.i rrl.iiiM'ly early stage 
of crytulliialion (turin;; hiK^-K'^de teginii;!! meutmoipbiun. 
(^jf (in<luiri. [>ri\injtii 1 1 ; i : i 1 1 1 . .juil viinr jpjtiK- 1 ryilalluMi bUfbul 
probably dutiiiK ■'><' uinr rt't^ioiijl im-umurpliism 

Qtemiial .nulssis of tlie wagi>erite from Santa Fe Mountain led lu 
the formula (Mg.Fe, Mn)^P04(F.CI),j5 . with Mg:Fe:Mn° 
0.97:0.02:0.01: thb iDfOMih it dine » ttw cnpiriaa lonnula 
Mg^POjF. 

SingfedTHal X-iajr-diffaactioii iludin >lKn»ed thai (be wagtteriic f t u r n 
Smum fc MouniHa b manocUnic, i|nee poup K|/a, with 
m=ltM6MMm A, tmnjmUfiMM A, <-9lMlttQ.«N» A. 
fimHUUmMBf. volnam -I A*. Specific paviir okulattd 
fiom icffaHd crM data b 1.16 g/ar. qwdfic giaviiy mcaaufcd ihe 
py< nomcier method is 3. IS g/cc. A sinmg monoclinic Hibtell it pcrteni 
toith the (-axis halved (6.395 A); the tubcell it in tpate group 72. 'a with 
Z-H. and iis (ell paiamciert are romparablr Mtih ihi»< uixinrii in the 
litciaiuK f<i iiipliie-group minerals. Ttir X-rav |)i>wdrr-dii(ractiun 
fxilirm ukrn in F t- Mii^ radiation hat the following <.(rtiiiK lir>et (AAJ. d, 
/): 741. 2.97C A {100). W2. 2.8S9 A (M); 202, 3.1 U A (60;: 122, 3.2«7 A 
(60): 023, 2.718 A (30); 421. 2.697 A (21). 

A conipariioti of cryuaUograpiuc data for wagnerile. ienoan 
waeneriir, magniocripJiie, and Vifdile indkaiet lliai. despite their high 
nafcrM^iuK content, ferroan «H|gnaile and magniotripliie are inembcis 
of the triplite group and haws Mir cell that h di((i r> ni from thai u{ 
tratncriie, So<allcd "icmiii wagncriw," bom HiUiiSlictipi, Sweden, 
and fram Ar AlfeSict aniiif, awan Pyfcnan, Fianer, h actuallv 



magniotiipliic; this malcrial should not be referred [o as Icrroan 
wagnerile. Although X-ray powder-diffraction patterns of ferruan 
wagnerile and magniolriplile leteinble the diffraction pattern of 
wagnerile. the pattern for wagnerile hat a line at 5.66 A which 
distinguishes it from iriplite-group miru-rals 

RuUle-bcaring gnnam in the cai(<xmial FioM Range aic bdincd 10 
haw feinMd by aw Mu woipiilMB of bcaianbic clay* dial wcie guieia i e d 
during inmHe wcailMring<d»imMdiMeiokMktuliiMidilomui 
Cambrian dme. The day* wcie partlr newortod hf vubce wMoii 
ihHMbie «lpi«Aableinlcaak aouicB waaadMNbed looillr, Afier • dm^ 
suocnncm of inlcrlayaid volcanic and ledinvniaiy rodts aonimulaiedi 
high-grade regional tnelamorphitm took p(;iit' The ihin layers aitd 
leiitn of reworked weathered materials recrvstallirrd lu (onn lutile- 
beating tillimaniie-quart/ gneiV' .mil rrl.iti-d (t-liL%|>;iihic rocks. 
Wagnerile formed kxaliy, imiead of apatite, where the atnauni ol 
calcitun waa inaidliditiit n* acunnnid a n die available p fco n d ial c . 

INTRODUCTION 

Wagnerile. a rare magnesium fluophatphaie minetal, 
oocun as a minor oonstituent of thin layen of tutile* 

brarine ^iiriss in regionally melamorphosrd rocks of Pre- 
raiiibi i^ti age un the norihem flank of Santa Fe Mountain, 
3.5 km southeast of Idaho Springs in theeasi-ceniial Fkont 
Range, Clear Ocek Coumy, Colotado (fig. 1). This is the 
fint tcairdei) tKxutmtt* of wagneritr in the Uni ted State* 
(Sheridan and others, 1971). 

Shctidan and Marsh examined the Santa Fe Mountain 
aiea in 1968 during field invettigatton of nitile-bearing* 
gneisses in this region P.. [n>f:;i .ijilii. sdniifs (if rr.n-k 
samples from ihisareasutMcquenily tliiiclused die preseiuje 
of an unknown bbitial poaiiiveiniMnd that has a small 
optic angle. Optical, X-ray. and chemical investigations 
proved this mineral to be wagnerite. Additional samples 
were obtained by ShsidRn and Maisb in 1969 and a 
geologic map of the wagnerite locality was pnpaicd (fig. 
3). 

This report describes the occurrence and properties of 
wagnerile tnun Saau Fe Mountain, Colo. Also included 
aiv descriptioiu of odier minerals and the mineral 

assemblages, a < omjjarison of the opiital, chemical, and 
X-ray data for Colorado wagnerite with data for wagner- 
lie bam other locaiiiies in the world, and a disaission of 
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u 10 AiKitoMincs 
I I I 



FiCL'RE I. — Map of rasl-cmlial Fr<Hii RaitK*' vlicm itiK Sjinu Ft- McHin- 
lain wagncnir locality (black square) and lodiion of figurr 2. 

origin of the Colorado wagneritc. Rrsponsibilitirs and 
credits are: Sheridan and Marsh provided the geologic 
field data and, together with Taylor, determined the 
descriptive mineralogy, petrography, and mineral 
assemblages; Mrose provided detailed X-ray data, 
discussions of the chemistry and X-ray crystallography, 
and comfjarison of wagnerite with ferroan wagncrite, 
magniotriplite, and triplite. 
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GEOLOGIC SETTING 

The wagnerite locality lies in the east -central part of the 
block of uplifted Precambrian rocks that form the core of 
the Colorado Front Range. Bedrock in the general vicinity 
of the occurrence is composed of a thick folded succession 
of gneisses of high metamorphic grade. These inter- 
layered metasetlimentary and metavolcanic rocks contain 
minetal avseniblages in general correlative with the silli- 
maniie zone and the upper part of the amphibolite faries. 
TTie regional meumorphism accompanied a long Pre- 
cambrian |>eriod of defomiation that involved two stages 
of plastic folding. Tight to open west-northwest-trending 
folds were formed first and, in some areas, were modified 
subsequently by more northerly trending crossfold*. 
Although granitic plutons were emplaccd in this general 
region during three major periods of igneous activity in 
the Pretambrian Era, the closest major igneous bodies are 
more than 5 km from the wagnerite locality. The geologic 
setting, therefore, is regional metamorphic rather than 
contact metamorphic. 

Felds|>ar-rich gneiss (chiefly plagioclase, quartz, micro- 
dine, and biotite) and biotite gneiss (chiefly biotite, 
plagioclase. and quartz) are the principal metamorphic 
rocks in the east-central Front Range. Much of the biotite 
gneiss is sillimanilic, and some contains garnet-bearing 
and cordieritc-bearing layers. Interlayered with the 
feldspar-rich gneiss and the biotite gneiss are variable 
amounts of hornblende gneiss, amphibolite. and calc- 
silicate gneiss. 

Ihni layers and lenses of ruiile-bearing light-<r)lored 
gneisites occur at several stratigraphic levels within this 
thick succession ofgneisses. These range in thickness from 
15 cm to 30 m and contain from trace amounts to about 5 
|x-rcent of rutile. A remarkably persistent layer has been 
traced along a Z -shaped fold for about 13 km south- 
eastward from the northern flank of Santa Fe Mountain 
(fig. 2). The distribution of therutile-bearinggnei.ssesand 
other Precambrian rocks in the east-central Front Range is 
shown in a generalize<i map by Marsh and Sheridan ( 1 976, 
fig. 2). 
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The rutile-bearing light-roloird gneisses arf composed 
of several lithologic varieties that are iiiicilaycrcd and 
gradaiional along strike. The moM oommon varieties are 
iiUimaniie-quam gndw. bioiite-quaitt-plagioclase 
gneiw. and rockc giadatioiuil between these two types. 

Less common regionally, but locally predominant, is a 
sillimanidc lopsut-quaru gneiu (Sheridan and others, 
196S), which is present in several localities between Santa 
Fe Mountain and the jsii rn margin of the Front Range. 
At Sanu Fc Mounuiit a local variant of the rutile-bearing 
ligbt-cploved pieiBses is a aillimaniie-plagiodaK gneiss 
cofUaining wagnerite and corundum. 

OCCURBENCE 

At the Santa Fe Mountain wagnerite locality, nitile- 
bearing light<olored biotite-quartz-plagioclase gtiri^s 
forms two northwest-trending layers that are separated by 
hornblende gneiss (fig. i). Wagnerite oows in a 
ootundum-bearing sillimanite plagioclase gneiss thai 
bunas a tens within the Moiiie^tuartapplagioclase gneiss 



in the eastern layer and that interfingers with biotite- 
quaru-plagioclase gneiss in the western layer. Small 
bodies of simple quara-fieldspar pegmatiie intnide the 
succession oi metamatphic Mdcs here as diey 4n 
ubiqiulously thioughout the Praannbrian tenrane of die 
east-central From Range. 

Although rutile-bearing gneisses at this stiatigiaphic 
levd persbt continuously for 1.5 km to the notthweu and 
for 11,5 km to the southeast (fig. 2), the principal 
occurrence of wagneri le is within the area shown in figute 
9. Wagnerite has also been identified as atraoeoonstituent 

of rutilc Ix'.irint? biotite qiinri? pIa(»ior l:i\r tjneiss in the 
area between Beaver liiook and North Beaver Brook (fig. 
2). 

The w^gneriie-bearing sillimanite-plagioclase gneiss is 
white or light gray, fiiK to coarse grained, poorly foliated, 
and texiurally complex. Aggregates of prismatic silli- 
maniie, as much as 12 cm long and 1 an thick, and grains 
fif omindum. as long as 2 J cm. ace divcfsdy oriemed in a 
fine- to medium-gcained matrix rich in plagjodase and 
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fibrulitit iillimaiiitc WaRiicritc is recognizable in hand 
specimens and ouicrop& a& aggregates ol small yellow to 
ye11<n<rbh*laii gnim that commonly are complexly inter- 
gT<nMi witli otherminerahof the rock Such aggrr^tcsare 
generally small, mostly 2 to 5 mm across. Smaller indivi- 
dual grains of wagnerite are also common but are 
rrrn^nizrd readily only in thin sfrtion. Other ronstitiient^ 
of the gneiss are biolite, riiiile, apatiie. monaute, urcuii, 
tourmaline, muscoviie, and, loraliy, chlorite. Foliation in 
the sillimaniie-piagioclaae gneiss is in general obscure in 
the outcrops, owning to thediverselyorientedlat)gr grains 
o( corundum and aggregates of prismatic sillimanite. In 
some thin sections, however, foliation is well shown and is 
defined by aggregates of fibrolitic dllimaniie, Hongaie 
grains of pl.igiiH l.is*-, ami oiicnied flakes of bioiite. 

Modes of the light-colored gneisses of the wagnerite 
locality weicdetermined by the point-coumawthod(l,€00 
points each) and are reported in taUe I. Modes 1-7 



nprcsent wagneritc-rich rocks in which plagioclasf and 
sillimanite are the principal constituents. Modes 8 and 9 
represent wagnerite-beaTtng rode with more bioiiie than 
sillinianitc. Because rock specimens forthcse thin sections 
were selected preferentially to study the wagnentc, the 
modes do not lepracnt normal roineralogic percentages. 
We estimate that u-aRneTite and corundum each form 
about 1 percent ot the average rock and that rutile makes 
up 1-2 percent. In the sillimanite-plagtocbne gneiss, 
quaru is present only in trace amounts as tiny rounded 
inclusions in other minerals. 

The biotiteK]uart2-plagioclasc gneiss, the associated 
hornblende gneiss, and the quartio-feklspathic gneiss (fig. 
9) are fine to medjum grained modentdy well fbliaied 

rocks Some parts of the hornblende gneiss and the light- 
colored biotite-quaru-plagioclase gneiss show well- 
developed compositional layeringonascaleofaiewcenii- 
metMB, but odwr pamoonnin massive tayen 1 m diick. 
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Modes 10-12 of biotitc-quaru-plagioclaie gneiss (tabk 
1) indic<iie chat the principal constituents, in order of 
increasing abundance, are biotite, quam, and plaf^o- 
dase. Rutile (no more than 0.5 percent) is less abundani 
than in the wagneriie-bcan^g lock. Wagnerite was not 
observed in tamplcs of the hiotiieKitiartz-plagiodase 
gnetas from the Sinia Fe Mouniain locality. 

DESCUPTIVE MINERALOGY 

METHODS USED FOR OPTICAL 

DETERMfNATlONS 

Except for optic angles. aJl optical dau for wagnerite 
and other minerals froai Santa Pe Mouniaiii (table* Z, 4) 

were obtainwl on Mrif^le grains that were selected from 
mineral separates and ttiat were sttidied petrographically 
hy the spindie^tage procedures deacrifaed by Wilcox 
(1959). Ntost of the determinations of refractive indices 
were made hy use of the focal masking tcfchniques 
described in detail by Cherkasov (1955a. b; 1957). A few 
determinations of refractive indices were made by the 
fiecke line method; an interference filter was used thai 
passes a wavelength near the D-line of the spectrum. All 
except one of the optic angles reported in taUe 2 were 
detennined bam thin sections mounted in a imivenal 

siaKe. TTie exception was determined on the spindle stage 
using Mallard's method for a centered acute bisectrix 

ftgUK. 

The refractive indices of 3 grains of wagnerite from 
Bamlc, Norway (U.S. Natl. Mus. spec. C4151). reported m 
table S, were determined by spindle slate procedures and 
focal masking techniques. Our measurement of the optic 
angle of rdih of these grains was facilitated by 1. J. 
Witkind* who aicfully mounted eadi grain so that its 



optic plane was normal to the spindle axis. The measure- 
ment of the optic angle was then made diiectly by simple 
rotation of die tpbaSie from one mdaiope lo the fMher. 

WAGNERITE 

The wagiieriie from C^iloiado is anhedral, mostly fine 
grained but ranging 10 mediiiin grained, and pale yellow 
to yellowish lan. The luster is vitreous to slightly resinous. 
Cleavage (100) is very poor and other cleavage was not 
observed. The specific gravity, determined by Fahey's 
method (Fahey, 1961)00 themaierialgroiuidfor chemical 
analysis, is S.13. In transmitted light the wagneriiein thin 
st-tiion is colorless; large grains in immersion mounts are 
faintly yellowish and nonpleoduoic. The mineral is 
buxial positive. The indices of letraction and Sf^ (laUe 2} 
show a range in \'alues: o =1.565-1.-571, j3 = 1.567- 1.572. 
y =1.378-1.685 (all tO.002); (♦)2K=28°-35° (*r). Slight 
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variation of optical properties occurs within many 
individual grains, a variation limited to 1° or less in 2^ 
and to correspondingly small changes in indices. The bire- 
Eringence (y-a), calculated from refractive index deter- 
minations, ranges from 0.013 to 0.015. Dispersion is r > v, 
weak. The extinction angle (ZAc) was measured at 
approximately 23° by universal stage techniques in one 
thin section, but the (100) cleavage is so poorly developed 
that a representative value for 7. Ac cannot be reported. 
The. optical data for wagnerite from Santa Fe Mountain 
are compared with optical data for wagnerite from several 
other localities in table 3. 

As viewed in thin section, individual grains of 
wagnerite range in size from 0.02 to 6.1 mm. Most indivi- 
dual grains are in the size range 0.2-0.6 mm. Aggregates of 
wagnerite grains, complexly intcrgrown with plagiof lasc 
and other minerals of the rock, are also common, ranging 
in size from 1 mm to 12 mm but most commonly in the size 
range 2-5 mm. One elongate aggregate observed in hand 
specimen is 20 mm long but is so complexly intergrown 
with other minerals that no more than 50 (>ercent of the 
aggregate is wagnerite. 



Taslc S. — Companion of optical data for wagnentr 
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Sourcr> ddU: 
<a) Thu rrpoii (ubir 2). 

(b) Thi» rrp<wi. The indim rcpoflrd hen air ihr range in valuo 

oblainH b> spindlc itaer tcchniqun on S grains of wagnrriie, 
U.S. Nail. Mui. spec. C4I51 (rom Bamlr, Noru'ay. Mcasurr- 
mrni o( 2P; was done by orirniinK ihr opii<: plane of each grain 
n<Nnul Id ihr spindle axis; in this mannei. inrasuremeni of ihe 
optic angle was nutde dirrctiy )»' rotation o( the spindle (rom 
one melalope lo ihr oihri. 

(c) Indices of refraction from Michel-L^ and Lacroix (1888. p. 290). 

The 2^ was calculated from 2£=59° SO', reported by Doclier < 191 8. 
p. 5191. 

(d) Indices of rrlraclion from Hegcmann and Sirinmeti (1927. p. 55). 

The 2F was calculated from 2£=45° 22H'. reported by Hegrmann 

arvd Steinmeu (1927, p. 55). 
(r) Finko(l962. p. 1425). 
<r) Sun)<k(1965. p. 67). 



The wagnerite appears to be entirely anhedral; no 
crystal faces were observed despite the study of numerous 
thin sections. Most commonly the individual grains are 
elliptical to very irregular or ameboid (fig. '!) in shape. The 
larger grains tend to be blocky to rounded and have very 
irregular boundaries (fig. 5). Some of these grains contain 
myriads of small inclusions of ruiile; others poikilo- 
blastically enclose small grains of plagioclase, silli- 
manitc, monazite, and other minerals. 

Some groups of closely spaced wagnerite grains seem to 
be composed of distinct individuals that arc separated by 
plagioclase and other minerals of the rock. When viewed 
through crossed polars, however, most of the wagnerite 
grains in such groups have identical interference color and 
come to extinction at the same position. Very likely such 
wagnerite grains are coimected in the third dimension and 
represent a typ>e of branching skeletal growth, which, in 
the plane of the thin section, shows up mainly as a 
complex iniergrowth approaching that of a poikilo- 
blasiic texture (fig. 6). 

In addition to poikiloblastic inclusions of grains of 
other minerals of a size large enough to be readily identi- 




KiGiim: 4.— Lart(r grain o( wagnerite (W) occupying central pari ol 
phoiomicrofcraph is ameboid in shape; smaller grains ot wagnerite 
are elliptical lo irregular. Other minerals are plagioclase (P). mrmai- 
ile (M). apatite (A), (ibfolilu tillimaniie (fs). and mus<uviir (ms). 
Crossed polars. 
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Fici'M 5. — Large blodiy grain ol wagnrnir (W) poikiloblaMkallT 
cn< \mn rtnvt u( gnint o( ruuir (R). Apatilc (A) ionn> a ihin rim 
akmg ihr boun<Lir> of thr wagnmir grain. Other minrral* arr 
plagHxlaK (P), biouir (B). fibroliiic lillimaniir (ft), and pritmauc 
Mllinunitr (S). Croucd poUn. 

liable in ihin srciion, many of (he medium to largr grains 
of wagncritr show cloudy areas crowded with abundant 
very (iny iiKlusions. A( low lo moderate magnification in 
plane-polariwd light, these cloudy areas are bluish. 
Commonly, the cloudy areas are located at or near the 
center of the wagnerite grains, and the surrounding 
borders of wagnerite are relatively clear of inclusions: in 
other wagnerite grains, the cloudy areas are located 
asymmetrically near the edge of the grains (fig. 9). A 
photomicrograph (fig. 7), taken at high magnification 
with upper and lower polars removed, shows part of a 
wagnerite grain clouded with tiny inclusions. Toward the 
center of the clouded area, the inclusions are principally 
equidimensional with rounded form, and they commonly 
range in size from 0.0005 to 0.01 mm. Toward the edge of 
the clouded area, elongate prismatic inclusions, as long a 
0.1 mm, are more abundant and are alined in a rectilinear 
pattern. Identification of these tiny inclusions proved 
impossible by ordinary petrographic methods in thin 
section, but an attempt was made to learn their 
mineralogic nature by other methods. During the 




ftavut 6.— Compln inlrrgrowih of « lotely tpactd graim of wagnerite 
(W) and pUgioclav (P). Howrver, as most of the wagnerite grain* 
shown here have the same inlrrferencr color and rofnr lo extinction 
at the same position, they arr probably interconneried in the third 
dimentifMi and (nmpriv a rompleii branching skeletal or poikilo- 
bUsiii growth. Other minerals are rutile (R), monaale (M), apatite 
(A), and muscovite (ms). CroHcd polan. 

chemical analysis of wagi>erite, the analytical procedure 
involved digestion of pan of the sample in nitric acid. The 
insoluble residue from this digestion was studied care- 
fully by Mrose through X-ray techniques. This residue, 
which represents at least part of the inclusions, was found 
to be sillimanite, rutile, and quartz, plus minor mica and 
xenotiiT>e. If apatite or any other mineral soluUe in nitric 
acid were present as part of the suite of tiny inclusions in 
the wagnerite, it probably was dissolved during the 
analytical procedure. 

Although many of the wagnerite grains are in direct 
contact with the other minerals of the rock, many others 
show a partial to complete enveloping film of apatite (fig. 
8). Each rim is formed of a single optically continuous 
apatite crystal. The thickness of the rim ranges from less 
than 0.01 mm to 0.2 mm but most commonly is about 0.02 
mm. Although the rims of aptatite an- perhaps most 
commonly present between wagnerite and plagioclase or 
fibroliiic sillimanite, ihey have also bet-n obsened 
iK-tweeii wagnerite and other minerals of the rock, such as 
biotite, monazite, rutile, muscovite, and chlorite. Where 
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FicuHE 7. — Part of a large wagncritc grain thai is crowded with liny 
inclusiunt, Bdtom of phoiomicrugraph it toward ihr inKrrior of 
wagnetiu- grain arul thowi abut>dant equidimmMonal to rounded 
incliuiofu. Top o< phoiomifrograph is near rdgr of wagncriic grain 
and is irlativrly (rcr of inclusions. Bctwcm the clear cdgr and the 
dmsrly clo<idrd inirrior, rlongalc priunalic inclusions arr alir>nl 
in rmilinrar fashion. Ini fusions arr chirfly silliinaniir, rutilr, and 
quaiu. Photomicrograph taken with upprr and lower polars rnnosTd 

two or more wagneriie grains are closely spaced in ihe 
rock, the apatite rimscommonlytoalcsce over part of their 
extent, fomiiriK the thicker observed fxirtions of such rims. 
Some of the larger wagnerite grains not only have an 
external rim of apatite but also have internal rims of 
apatite bordering poikiloblaslic inclusions of small grains 
of plagiuclase and other minerals of the rock. Although 
commonly composed of clear apatite, in one instance the 
apatite rim has formed around a wagnerite grain 
conuining an asymmetrically located area clouded with 
tiny inclusions (fig. 9); where the cloudy area extends to 
the edge of the wagnerite grain, the apatite rim is also 
crowded with abundant tiny inclusions. 

In some thin sections the wagnerite has been partly 
altered to an unidentified fine-graiiied material which 
appears brownish in plane-polarized light and which has 
no conspicuous identifiable characteristics when viewed 
with crossed polars or when examined by conoscopic 
study. 




FicfRt «.— Apatite (A) fortm rims on wagnerite (W). Wagnerite grain 
al top tenter has only a |iattial rim of apaliir. but all other wagner- 
ite grains shown here arc completely ritnined by apatite. Rims on 
several grains M top center and upprr right coalescr and surround 
a small grain of plagioclase (P) Other minerals arr fibirolitic silli- 
maiuirfls) and prisntaii< sillimanitr(S). Oossed polan. 



OTHER MINERALS 

The optical characteristics of the associated minerals 
from the Santa Fc Mountain wagnerite-bearing rocks were 
also studied. These properties together with those of some 
of the minerals of the associated rcxks are reported in table 
4. 

Plagioclase. — The plagioclasc of the wagnerite-bearing 
silliinaiiite-plagioclase gneiss is albite (An«-An,), as 
determined in two samples (SF-21 and SF-2'IA, table 4). 
Ckimmonly showing well-develop>ed albite twinning(figs. 
6. 12), the plagioclase grains are elongate parallel to the 
foliation; they range in length from 0.04 to 7 mm but most 
commonly are about 1.2 mm. The plagioclase in bioiite- 
quariz-plagioclase gneiss (SF-7A, table 4) is also albite 
(An^) and occurs as grains averaging about 0.6 mm in 
length. 'Ilie plagioclase of these light<olored gneisses is 
morcMxlic than the plagioc lase of the darker colored meta- 
morphic rocks in this area. Plagioclase in the hornblende 
gneiss (SF-20B, table 4) is andesine (An,,), and plagio- 
clase in thequartzo-feldspathic gneiss isoligoclase (An;;)- 
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FicuM 9 — l^rifr gtiin oi wiKnrrilr (W) ocrupin upper iwo-lhirdt 
o( photomicrograph and ii rimmrd by apaiitr (A), whuh completely 
mclom two inulirr graiiii at waKitrriir at Mt. Whcrr the edge 
o( brxe waKneriie grain it clear and rrlatitely free from imy imlu- 
%ton%, as at leli center, the ad)cMnmg apatite nm i> alio clear. H'here 
edge ol large wagneriie grain ii clouded with liny irKlutiont, ai 
al rtghl. the adjoining apaiiie rim i> alio clouded with irKlutioni. 
Other m>nerali are plagicxrlaie (P), ruiile (R). and chlonle (Ch). 
Polaji pardy croued. 



Biotiu.—Moit of ihe bioiitr in the sillimanitc- 
plagioclasr gneiss and the biotitc-quanz-plagioclase 
gnriss is vcr>' pale brown, as viewed under the hand lens 
and in ihin section. It resembles the bioiite found in the 
cordieriie-bearing biotite gneisses of the east-central Front 
Range (Cable and Sims, 1969, p. 39) rather than the dark- 
brown to black biotite of the more common gneisses. 
Optical dau for pale-brown biotite from two samples of 
sillimanite-plagioclase gneiss (SF-21; SF-11-3) and from 
one sample of biotite-quartz-plagioclase gneiss (SF-7A) 
arc reported in table 4. All three samples of biotite are 
biaxial negative (2C estimated no more than 10°). 
Comparison of the P index (ranging from 1.584 to 1.595) 
with Winchells' graph (Winchell and Winchell. 1951, p. 
574) suggests that this is a low-iron, high-magnesium 
variety: thus the biotite is probably close to the 
phlogopite-easionite part of the compositional field. 
Biotite flakes range in size from 0.02 to 2.6 mm but average 
about 0.5 mm in both of the light-colored gneisses. 

Sillimamte. — Sillimanite in the sillimanite-plagioclase 
gneiss occurs in two varieties. Fibrulitic sillimanite occurs 
in elongate to elliptical aggregates of liny needles oriented 
parallel to the foliation (figs. II, 12) and other minetal 
lineations; most aggregates are 0.5-10 mm long, although 
locally some are as long as 19 mm. Coarse prismatic silli- 
manite crystals are diver!»ely oriented m the rock, 
commonly cutting other minerals (figs. 13, Hi. Single 



prismatic sillimanite crystals generally are 0.1-0.2 mm 
thick and 1.5-2 mm long; aggregates of these crystals arc 
locally as much as 12 cm long and 1 cm in diameter. 
Refractive indices of prismatic sillimanite from two 
samples ( SF-2 1 and SF-24 A, table 4 ) are at the lower end of 
the range of values reported by Deer, Howie, and Zussman 
(1962, p. 121). 

Aforuuite.— Monazite occurs as small, clear, pale- 
yellowish grains. These grains range in size from 0.01 to 
0.2 mm and are commonly associated with rutile and 
wagnerite. Refractive indices a and /9, determined for 
sample SF-1 1-3 (table 4), are in the lower range of values 
commonly reported. 

Apatite. — Two forms of apatite occur in the sillimanite- 
plagioclase gneiss: ( I ) individual grains that are rounded 
to blocky and locally prismatic, clear and colorless to 
dusky, and about the same average size and distribution as 
those of wagnerite; (2) partial to complete rims on 
wagnerite (noted in the description of wagnerite and 
shown in figs. 5, 8, 9). The apatite that occurs as indivi- 
dual grains ranges in size from 0.02 to 1 mm; aggregates are 
as much as 6.4 mm across. Lxxally, prismatic grains of 
apatite occur as iiKlusions in wagnerite (fig. 10). The 
refractive indices determined for individual grains of 
apatite from two samples (SF-1 1 and SF-21, table 4) 
suggest that it is fluorapatite. 

Corundum. — Corundum, ranging in color from pink to 
grayish, occurs in the sillimanite-plagioclase gneiss in 
grains ranging in size from 0.04 mm to 2.3 cm. Many of the 
larger grains are subhedral to euhedral and show well- 




Fu.i'iE 10. — Apaiite (A) CKcurs as prismatic lo bicxky grains incliided 
in M'jKneriie (W) Other apaiiir grains jre included in plagicKlav 
(P) I Im' waKiierile gijiii at u|>|>ri iikIh alwi lus j iliiii |uiii,il lim 
<il .i)j.iiii<- OiIk'I minerals are tnoiwiir (M), libroliiic sillimanite 
(Is), and prismatic Mlliinanite(S). Crossed polars. 
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Table i.—Optte»l d*t» fot other mmetaU jrom wagnenlt Uxahty. Santa Ft Mountain, Colorado 
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developed pseudohrxagonal parting; ihin seciionsof $u( h 
grains commonly show twuming. Many of the smaller 
grains o( corundum areanhcdral toangular kernels, many 
of which resemble graphic sha|>es. Siu h .small kernels of 
corundum, 0.06-1 mm across, cxtur as closely spaced 
individuals that comprise aggregates 3 mm across in 
ttbroliiic sillirnanitf riois. Individual grauntoioonindum 
within an aKgrcKatr commonly have the same inier- 
fcreiite toK)r and come to extinction at the same position 
upon rotation of the microscope stage, suggesting that tliey 
are connected etemenu of a tin||e ikeleial la^ial. 

Rcfranive indices forcaniildiiinftDinOMiample($F-15) 
are reported in table 4. 



Andalusite. — Andalusiie has been recof?nizcxl only in a 
Single (hui (eldspathic layer within the biotite-quartz- 
plagioclase gneiss. Ii occurs as blocky ptnki«h-white 
grains ranging in size from 0.2 lo I mm, and it isassM iatr-d 
with plagiorlase. quaru, muscovite, and chlorite. Optical 
data (or andalusiie from one sample (5F-4F) aie reported 
in table 4. 

TouTTRafinr.— Tourmaline cxxurs spanely in both the 

silliinaniie -plafjioclasc gneiss and the biotite-quartz- 
plagioclase gneiss. It is fairly cununon as small yellowish- 
fafown to pale<«reenish*blue graint in heavy mineral 

separates |irrpate<l from r<Kk samples; although a few 
grains vixrc observed in thin sections. iK>ne was seen in 
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contact with wagnehte. In a sillimaniiic biotite-quam- 
pbgiocbw gnriu that along the ttaoe of the lig^t- 

colored gnei&s unit about 100 m northwest of the wagncr- 
iie locality, sparse small aggregates of tourmaline, as 
nuKii as 2 cm aaoM, aic poikiloblastically intergrown 
with other minerals of the nx:k; individual brownish crys- 
tals are 2-6 mm long and 0.5 mm in diameter. Opiicai data 
for tounnaline from rocks of the mapped area (fig. S) are 
iqiKMed in labk 4. The lefiaciive indioei tuggm that ^ 
toiumaline it dravtte. 

Other minerah from the wagnerite locality. — Quartz 
occurs only in trace amounu in thesilinaanite-plagiodase 
gneiss, where it is present as small rounded inclusions in 

other minerals of thr rwk In the bioiiir quariz- 
plagtoclase gnetss. however, quaru >s a nujor coiutituent 
oocuning as grains tanging bom 9JH ta S.8 nun in sate 

and averaging about 0 5 mm Riitile is a r harar leristir 
miiiur tunstituciit ot both the light-colored Knciisesol the 
Santa Fe Moimtain locality. Ckmunonly splendent red in 
color, it ranges from yellow to nearly black. Heavy mtneial 
separates indicate that the average rutile content of the 
sillimaniM^plagioclase gneiss is between 1 and 2 percent. 
The average nitUe content ol the biotitesiuaitz- 
plagiorlase gneiss is no more than 0.5 percent. Rutile 
grains niiigt in sizf from 0.01 to O.fi iiim, Imt niosi -iic in 
the range of 0.06-0.1 mm. Although most of the rutile 
gnum are inhedral, some are subhedral to euhedral. 
Zinxn, although identified optirallv in grains picked 
fron heavy mineral separates, dr>e.s not appear to be as 
abundant in the sillimanite-plagioclase gneiss as 
moiiazite. Xenotime was identified only in the iiuoluble 
residue from the chentical analysis of wagnerite. White 
mica occurs in both the sillimanite-plagioclase gneiss and 
the biotile^uaru-plagioclase gneiss. All samples of white 
mica studied by X-ray proved to be musoovite. Many 
grains of ihe nius<o\iie .ire .jhoul lilt' s.iine si/c .is hiolilc 
(about 0.5 mm). Scricitc (finely crysullinc muscovitc) is 
found in piagioclase and along the boinidaries of some of 
the sillimanite aggregates. Chlorite is fairly common as a 
minor constituent of both of the light-colored gneisses 
where it apfMnently fbimed as an altaation or pseudo- 
morph of biotite. The chlorite seems to have a bire- 
fringence of about 0.010 and is colorless in thin sec tion. 
L'niversal-siage Study of the chlorite in one thin sec tion 
(SF-1 l-3X>ofiM«snerile>bearing rock indicates ihat('i-)2F 
of the mineral is about IS*. 

MINERAL ASSEMBLAGES AND 
TEXTURAL RELATIONS 

During petrographic sttidies of wagnerite-bearing 
gneiss, special attention was focused on mineral 
assemblages and on textures, structures, and inter- 
granular relations. Although one or more of the minerals 
listed in the following assemblage may be missing from a 



particular specimen, textuial relations indicate that a 
single stable-state assemblage diaracieriies this lock: 

vvagneritc plagiocla&e (albitc) + fibrolitic sillimanite + 
magnesian bioute. To this assemblage may be added small 
amounu of nitile, mimaaie, zircon, and apatite, minenls 
inferred to represent phases belonging to an early stage of 
c rysuUization during the high-grade regional meta- 
morphism. Rock textures indicate that corundimi, 
prismatic sillimanite, and some of the apatite (the form 
that occurs as rims on wagnerite) crystallized later, but 
very likely during the same regional meiamorphism. 

Fibrolitic siUimaniie, piagioclase, biotite, and 
wagnerite define the foliation of the sillimanite- 
plagioclase gneiss. Ojmrnonly elongate aggregates of 
fibrolitic sillimanite alined in foliation surfaces also form 
a linear stiuctuve. Elongaie grains of plagiodaae and 

wagnerite, flattened in the foliation plane, arc intergrown 
to varvmg degrees. Small grains and grain clusters of 
wagnerite coiKcntraied at boundaries between other 
minerals (fig. 11) are strongly oriented in the plane of 
foliation. Similarly, wagnerite grains enclosed within 




FiGi Ri 1 1.— Foliation in sillimaniic-plaKioclasr gnriss is defined by 
libiiililK tillimanilr (fs). Gniin» ol wiiptcrilr (W) thai arr conren- 
iraic-d along grain boundaries of oUtei ininrraU arr also suongly 
oiicnicd in the plane of the foliaiton. Other minerals are plagio* 
claM(P). |]rjMiwticiUlinaniie(S).ami monaaie (M). GmHedpohtt. 
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FicuKE 12.— FoliaticMi in sillicnaniu-pUgioclasr gntia is drfincil by (ibrolitic ullimanilr (fa) GniitM of wagnrriir (W) thai arr rnclinrd 
wiihin grains of plagioclair (P) arc alio suongly ohcnicd in (fx- planr of thr foliation. A singlr opiiial oiirntauon is shared tn miinrtiius 
grain* of wagnrriu. Oiltrr minn-aU ar« monaziir (M) and pritmaiir tillimaniic (S). CrounJ Dolan. 

single grains of plagioclase commonly are also strongly 
oriented (fig. 12). In pan, such groups of wagnerite grains 
are complexly intergrown skeleul growths; a single 
optical orientation is commonly shared by dozens of 
separate but closely spaced grains. (See figs. 6, 12.) Such 
common orientation may be confined within a single 
plagioclase grain or may cross host-crystal boundaries, or 
a single plagioclase grain may enclose several differently 
oriented skeletal wagnerite growths. Some of the larger 
wagnerite grains enclose rows of rutile grains (fig. 5) or 
may surround other minerals that define the foliate fabric. 

In contrast, prismatic sillimanite and corundum in 
coarse grains disrupt the foliate fabric of the wagnerite- 
bearing gneiss. Prismatic sillimanite typically cuts plagio- 
clase, wagnerite, and fibrolitic sillimanite (figs. 13, 14). It 
cuts across the foliation and fails to parallel the lineation 
of the fibrolitic sillimanite. Corundum grains similarly 
interrupt the foliation. Small anhedral corundum grains, 
groups of small grains in optical continuity, skeletal 
crystals enclosing other minerals, and large subhedral to 
euhedral crystals of corundum seem to represent varying 
stages of crystallization. Characteristically, these 




FicL'U IS. — Prisnuiii sillinianiir (S) rut> wagntritr (W) and plagio- 
clase (P). Other grains arr fibroliitc sillimanite (fs). Crossed polars. 
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FicuiE H. — Pritmalic sillimaniir (S) cuu waKnrriir (W). plagicx-laic 
(P), aiid fibrolitic sillimanitc (fs). CrcMsm] fxAan. 




FiCL'RC 15. — Cottindum (C) contain* numrrout liny nrrdin of silli- 
maniir thai air uri«nird parallrl to the alincmmi o( libroliiic iilli- 
maniic ((S) in tilliirunitr-plagioclaM' gneiss. A small fpain of 
plaf{ioclasc(P) is paniycncloMdbr corundum. Planr-polahicd light. 



AND Ti:XTl?RAL REIjVTIONS IJ 




FiGL-RE 16.— Grain of waRnrriir (W) at lop center is partly surxoundnl 
by a border of corundum (C). Numetou* grains oi rulilc (R) occur 
along the grain boundaries of wagneritr in ihit specirtXT). Other 
minerals are plagioclase (P), biolile(B). monazite (M), and prismatic 
siltimanitr (S). Plane-potariird light. 



corundum grains arc developed in aggregates of fibrolitic 
sillimanite and contain remnants of sillimanitc needles 
that still retain the linear orientation of the fibrolitic 
aggregates (fig. 15). Rarely, wagnerite is surrounded in 
part by a corundum border (fig. 16). 

Apatite and wagnerite have several texiural relation- 
ships. Ijorally, prisms of apatite are surrounded by 
wagnerite (fig. 10); some aggregates of apatite grains are 
surrounded by a border of elongate wagnerite grains; a 
considerable proportion of the wagnerite grains are 
partially or completely rimmed by af>atite. (See figs. 5, 8, 
9.) Rims of apatite occur not only on exterior surfaces of 
wagnerite but also between the wagnerite and its poikilo- 
blastir inclusions. Aptaiite rims have been observed 
between wagnerite and the following minerals: plagio- 
clase, fibrolitic sillimanite, biotite, monazite, rutile, 
muscovite, and chlorite. The rims, therefore, do not ap- 
I>ear to be a simple reaction rim of the type that occurs only 
between a specific pair of minerals. 
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Table i. — CHemkat analym of wagnent* 
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From the textural and miiwialogic reladfins we nuke 

the following intt rpretations. The foliaiefabri( defined by 
^TAgnerite, plagioclasc, fibrolilir sillimanue, and biociie 
apparently formed early during high-grade regional 
mciamorphism. Exrrpt for piiMn.itic sillimaniie, 
corundum, some apatite, and minor chlorite and 
musoovite. the minciab of ihe sillimaniie-plagioclase 
gneiss apparently oystalliwd ai about the lame lime. 
Drvelopnteni of corundum and the huige divenely 
oriented aggregates of prismaiii sillimaniie occurred later 
but probably during the same hi^-giade regional meia- 
morphism. The larger grains of wagneriw may also 
belong 10 this later si.im of cTystallization. Chlorite and 
sericiie probably iormed still later under lower grade meu- 
moiphic condilHMu. 

CHEMISTRY 

Sample prrparation for chemical analysis. — Because 
wagneriie occurs at the Santa Ft Mountain locality as a 
minor constituent of ruiile-bciring gneiss, 1,000-1 JOOg 
of the gneiss that ahotved the greatest visible concentra- 



tions of wagneriie was used to prepare a sample large 
enough for chemical analysis. The sample of gneiss was 
broken into i<-in. (6 mm) pieces, then it was gnnuid 10 
apiMDidnaiely 6B meah (0.808 mm); the giouiKl maierfal 

was repeatedly washed with water and the fines decanted. 
After air drying, this material was sieved and the- p^jriion 
between 0.208 mm and 0.104 mm was retained; this 
fraction was then separated into light and heavy fractions, 
by use of bfomotorm (sp. gr., 2.86). The heavy fraction 
( > 2.86). which conuined wagnerite. rudle, corundum, 
mica, sillimaniie, and fluorapattie, was put throtig^ a 
Frantz isodynamic magnetic sepaiator; splits were taken at 
0.3 rfiiips, 0..") amps, and 1.3 amps. W.u^yt 1 ir ,1, ( 1 iin 'n 
traicd in the 0.5 amp fraction. Compound grains 
(wagnerite-rutile. wagneriie-silUmanite, wagneriie- 

floiirapatitr, and silimanitr-rutilc) were removed by hand- 
pukiiig under the binocular microscope. Four and one- 
half grams of visibly jMire wagtierite wrere obiaiiMd lor 
chemical analysis. 

Methods of analysis. — The complete chemical analysis 
of wagnerite from Santa Fe Mountain, Colo, is given in 
table 5. The analytical methock used ai« as follows: 
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1. P|0}. A portion of ihe sample was dissolved with 
nitric acid, and after a preliminary separation as am- 
monium phosphomolybdate, weighed as Mg^tOj. 

2. F.Cl. Both fluorine and chlorine werr determined on 

the combirted (iliratrs from iwu successive sodium- 
cubonate fusions and water teadwt ol another frac- 
tim of the aainpk. Fluonne was wd^ied as GaFt 
<Groves. I9SI> aiid chlorine as AgCI. Became of the 
apparent low fluorine value (9.0S percent) obtained 
by this method, another fluorine determination by 
the spedHc-ioo-electtode method was made; this 

value 'in ? ;v,i, tnt) is the one teivinrd in tabic 5. 
S. FeO. The w«tgi)ertte sample was not notueably affect- 
ed bf boiling iar IS minutes %vith 1:8 suUuric add. 
the usual method of attack for the determination 
of FcO. Howcvei, the mineral was complcicly dis- 
solved by heati ng for 24 bouiS SI 6B% ill 1 : 1 5 hydro- 
dikric acid, to wiaidi a nMaatnedciMMi ol atandatd 
potassium dichromate had been added lo react with 
released ferrous iron 

4. H,0. Total water was determined by the Penfield 

method* 

5. MgO, CaO, M O. Fr O, TIO,. MnO. and insoluble. 

Nitnc acid Has used to dis&oive the sample for these 
deitiminaiiofu. Repeated cvapontions to dryness 
with the acid ^^-crc necrs^n' to completely dis-volve 
the wagnerite. After a small ursoluble fraction ftad 
been removed, the filtrate was evapoiaied todryiWM 
ao that the ioierferiqg phoiphorm oouM be lep- 
aiaied by adouble extraction with lodium-earboiute 

fusion and water leach f>>n;eniionaI methods then 
were used for the deiermiiution of the cations 
(Feck. I9M), 

Chemical analysu and formula.— The analysis, after 
correction for impurities (fluorapatite. sillimanite, rutile. 
and quaru), led to the formula (MR.Fe,Mn)2^„PO« 
(F,Gl)u*. with Mg:Fe:MnH).97;0.02:0.01, dote to the 
empirical fotmida Mg2(P04)F. The presence of nlK* 
riKiiiitr nail' , .irn! (jujrtz as impurities in the anah /'' -l 
sample was ctmiirmcd by X-ray powder patiems taken of 
theiiMolubtewtidiieolKaiaed t wi mdig e Mi t^ 
sample in nitric acid Fluorapatiteas a contaminant in the 
analyzed sample was suspec ted, but its presence could not 
readily be vended masmuch as it probably was dissolved 
during analytical procedures. However, energy-dispersive 
microprobe analyses of five polished grains of carefully 
selected, pale-yellow, transparent fragments of wagnerite 
were made by Robert B. Finkelman of the I'.S. Geological 
Survey. The lesulu given in lableC. diowing an abtenceof 
Ca in the pure mmeral, provide semiquantitative data that 
support the correctioiM made for impurities — including 
the subcnciion of a fluofafiaiiie phaie— in recalculating 
the chemical analyats. (See table i.) 



[SmIih wtkm nrt ifciMi 









IfNfatr of 5 (niad 


5581::::::::: 


-50 

s 




"•1 




4a 



The analysis of the Santa Fe Mountain wagnerite is 
compared in table 5 with other %vagiierite analyses 
repoftfld in the liieiBtiiie. 

X-RAY CRYSTALLOGRAPHY 

Smgle-aysUl X-ray data.— Singk-crysial X-ray sitady, 
made by the peecenian method, was earned out on a 

transparent, eqiant, pale-yellow fragment of w^^1Tnf• Hte 
from Santa Fe Mountain, Colo. The precession photo- 
graphs confirmed the monocUnic synnraetry and qwce 
group P2^* (for c <a) and yielded the following pre- 
liminary cryMallographic dau: a= 1 1.94*0.01 A. 
e>=12.68*0.01 A. f = 9.d5*0.01 A, /8=108°10'*20'. The 
refined cell values, obtained by a least-aqtiares refinement 
of the powder data (Appleman and Evans, 1973). aie in 
excellent agreement with those reported by Coda, 
Gutseppctti. and Tadini (1967) for wagnetite from 
Werfen, Austria (table 7). The specific gravity cakulaied 
for w.T^nrntr from the refined cell data is 316, in good 
agreement with the measured value (S.IS) obtained on a 
500-mg sample by the pycnometer method. 

Preresston photographs of the Colorado wagnerite 
showed (he i^sence of a strong monoclinic subcell with 
the fr-axis halved (6 J35 A); this subcell is in space group 
12/a, with Z=8, which data confirm the obsnrvations tif 
Gotbi, Guiseppetti, and Tadini (1967). The cell paia- 
riK ri i , rtf ihc subcell of the Colorado wagnerite are 
comparable with those reported m the literature for the 
iripyie-graup mineiab— criplite. (Mn, Fe, Mg; Oih (PO4) 
(F.OH) (VValrfrop, 1969), and zwiesehte, (Fe, Mn, Mg. Ca), 
iPO,) (1 , OH) (C. 1 . l ennyson, in Strunz, 1970, p ^16). 

X-ray powder data.— An X-ray powder diffraaion 
pattern of the wagnerite from Santa Fe Mountain. Colo,, 
was taken in a Debye-Scherrer powder camera fitted with a 
Wilson adapiri (114.59 mm dia.) in Fe/Mn radiation 
( kfeKtt =1.937S A). Film measurements were conecicd 
for expansion; the intensities of the observed lines wtn 
estimated visualh bv i oinp.itison wiih .t calibrated 
intensity strip. Indexed X-ray powder-diffractiondaufor 
the Colorado wagnerite are died in table 8 where they are 
compared with data for the cakulaied powiler pattern of 
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wagnehie from Werfen. Austria (based on the structural 
dita of Codi and odien, 1967); alao, with data for 

wagncrite from Bamlr. Norway (Hcnriqucs. 195'' • htm- 
Kyakhu, U^.S.R. (Finko, 1962); and from I>olni Hon . 
western Moravia. CBechaalovnkja (SlanOi, 1966). 

Identity of fefTom wagnerite with magnto- 
tnplite. — Wagnerite, feman wagnerite, ntagnioiriplite, 
triplite, and zwieselite are fluophosphates with the 
chemical formula Xf(P04)F. where X=Mg. ft**, Mn**, 
and (or) Ca. In wafnwriir, ferraan wagnerite. and magnio- 
triplitc. Mk is ilu- dotninarit ration. gfiici.itl\ u ith lesser 
amounts of Fe'*^^ Mn*', and Ca substituting in part for 
Mg; the doroinam cation in triplile h Mn*'; in iwiegdite 
the dominant nnion is IV*^- In thpsp irtinpraK, fOH)-' 
may substitute m part ior P '. Strunz (1970) includes 
iriplitt, zwieselite, and wagnerite in the triplite series, a 
subgroup of the triplite-triploidite t^rouf). On the basis of 
recent crysialluKiaphit data (table 7), ilie iiunerals in the 
nipliie sariescan be divided into two subgroups: (1 ), one 
containing magniolriplite, triplite, and zwieseUte, with 
the ft axis 6.5 A and symmetry 12/a; (2), the other 
containini; wagnerite, with the b axis =- 12 5 A and 
tiymmetr)- P2|/a. Comparison of the structures of 
wagnnile (GiMla and others. 1967) and triplile (Waldiop. 
196*>1 indiratps that theminrralsarpnot isoivpi{ ; Waldrop 
(1969) noted that triplite and zwieselite show identical 
itflectioR iniensitiies and, on this basis, suggeaied (hat they 
arc isotypic. 

Ferroan wagnerite from Hallsjbberget (HorrsjOberget), 
Sweden (Henriques, 1957) — formerly lalktriplite of 
Igelstifim (1882)— and from pegmatites o( the Allies 
massif, eastern Pyrenees, France(Fontan and others, 1970), 

and magiiiotripliie from I'lirkestan ridge, U.S.S.R. 
(Ginzburg and others, 1931 ), were identified a» such solely 
on the basis of X-ny powder photography and chemical 
analysis. As far as is known, nugniotriplitr and so-ralled 
"ferroan wagnerite" have never btt:n«:haracteniedcrystal- 
lographically. Because of their high magnesium content, 
ferroan wagnerite from both of the localities and m.igiiio- 
triplite (type material) were examined by X-ray powder 
diffraction and single -crystal techniques in order to 
establish their structural relation to wagnerite and (or) 
triplite. 

X-ray powder diffrjr tii >n patterns of wagjneritc, ferroan 
wagnerite, magniouipliie, and triplile are compared in 
figure 17. It is interesting to note that the patterns of the 
two ferroan wagneriles and iJie magiiiotripliie are 
identical and show a closer resemblance m spacings to the 
pattern of wagnerite than to that of triplite. The powder 
pattern of wagnerite, however, is visually distinguishable 
from the powder patterns of ferroan wagnerite and 
magniotriplite by the presence of a line at 5.66 A (table 8). 
This line also clearly showed up on films taken of 
wagnerite from Bamle,NQrwar(USNM G4151).Sa]iburg, 
Austria (USNM C4150). and Werfen, Austria (USNM 
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R5S06), when taken ni iron radiatKin, but it was not 

prcsciil in any of ihv paiir;n . nkt-ii of iriplid- from 18 
different localities. The line at 3.66 A should be looked lot 
in distinguishing patlems of wagncrite fron those of liw 

iriplitc scries 

Preliminary c t y<>UiilogTaphic data lor [moan wagncnte 
and magniotriplite, based on pfKCSSion pholngraphy, are 
ffiven in lable 7 where they are compwred wiih d;ua for 
wa^^ieriie and iriplite. Cornpaiison of these data indicates 
that despite their hi^h Mk content both the ferroan 
waigneriie from (iSllsjOberget, Sweden, and the Alb^re<> 
massif, eastern Pyrenees, France, and the magniotripitu 
from the Turkestan ridge, U.S.S.R., are isostructural with 
triplite. Refined cell parameters and indexed powder data 
For both ferroan wagneriies and magniotripliie (Mtose. 
unpublistit <I (!;ita) l(*adtothf <nnc lnsi()ii that the- so-ralird 
"ferroan wagneriie" is actually magniotriplite, il»e Mg- 
dominant member of the iripliie series, and that, ifaeiefote. 



this oMierial should not be ivfened to as feiToan 
wagneriie. 

OKIGIN 

The origin of the wagncrite at Santa Fc Mountain is 
linked inseparably with iheuriguiul lighKolored rutile- 
bcaring Frecambrian gneisses in the east<eniral Front 
Range. Although the geneiir hi.scorv of these nitilc- 
bearing gncisMrs is admittedly dcb^itable, we think that 
their field relations and their chemical and petrograpMc 
characteristics siiggcci voy Miongly that they wcve 
originally products of subaerial weathering (Marsh and 
Sheridan, 1976). Anordirig to this hyptjiht-sis, iiiirnse 
weathering of tuffs and flows of intermediate to basic 
composition occurred at several different times during the 
accumulation of a thick sucxession of volcanic and .wdi- 
ineiiiary rocks in Prtcambrian time. I'he resulting 
weathered products were benioniiic daiys enriched in 
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FicuKE 17.— X-ray powder photographs with Ff ^Mn radiation (ramna diamctrr I M.59 mm): A) wagnrrilr. Santa Ft Mounuin, 
Ci>lo.; fl) («rrToan wagnrrilr (fonwily talkuiplitr of IgrUirom. 1882), USlUjKbergri (HomjHberitri). SwnJm: C) fnroan 
waicnrtiir. Alburn matiif, fa»irm Pyrenees, France; O) magniolriplitr. Tuikeuan ridgf, L'.S.S.R. <Ferunan Mineralogiral 
MuK-um. Moscow; type material); £) triplite. Chatham, Gjon. (USNM 9J792; analysed material). 



titania (Icucoxcnc), alumina (clay), and silica (clay and 
quaru) as compared to the unwcathcred volcanic rocks. 
Surface waters partly reworked these clays, distributing 
them as thin layers and lenses of somewhat variable 
composition. Various amounts of sedimentary maierials 
were added to the clays and interlayercd with them. 
Fluorine of probable volcanic source was adsorbed by the 
weathered products in varying amounts in different 
localities. After accumulation of additional layers of 



volcanic and sedimentary rocks, high-grade regional 
metamorphism took place throughout a long and 
complex period of Precambrian tcctonism. Early in this 
period, the weathered products and their admixtures 
recr>'stallized to several varieties of rutile-bearing gneiss, 
some rich in sillimanite and quartz, some characterized by 
pa\e bioiiie and soda-rich plagioclase, and others grada- 
tional between these types. Wagnerite crystallized contem- 
poraneously with fibrolitic sillimanite, biotite, and 
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ptagioclasc in a local variant of tht i itile-bearing gncUs. 
Foliatioa and lineation were (onncd in all the meta- 
nmrphoaed rocki during ihb early of crysiallim^ 
Somewhat later, this same long period of regional meta- 
morphi&ni culminated in fondnJon% thai promoted the 
growth o( coarse crystals of somr of thr minmil s A certain 
amount of redistribution of fluorine, a tfpe of fluoririe 
metasomatism, occurreii within the nitile<bcaring layers. 
Coarse crystallization was enhanced by these volatiles. In 
aooK aicau. nicfa as ihe area described iiiitially by 
Sheridan. Taylor, and Manh (1968). topaz crystalliKd 
diiring concurrent growth of j .ri in itir sillimanite. At the 
Santa Fe Mountain locality, large crystals of corundum, 
aggicgytts of prianadc tflHinanile. and dw biger giaim 
of wagnerite were formed Touring this same stage of 
ciysiallitatioii, rims of apatite developed on wagnerite. 
Soidle and chloriie furmed in a loiMr giade meta- 
mcxphic cnvtionmeni, Ctther during a reoogiade stage <^ 
waning metamorphic inieruity or perhaps during an even 
later eveni- 

The origin of the principal types of Precambrian meta- 
morphicrack in thecaat-cnml Piom Rangeit,of coune, 

fundamental to the genetir history of the writrnerite 
locality. Biotiie gneiu, commonly sillimaninc, n> one of 
die piind|Ml fodcs in diit t^gkm and wascomidoed by 
Ball (in .Spurr and Cnrrev, 1908, p. 44) to represent meta- 
morphosed shaly ietUinenis. Subsequent invesngaiors 
have agreed mth this amclurion and have considered the 
sillimanitic varieties » lepresenting alumina-rich shales 
and the nonsillimanitic varieties as representing sandy 
shales or graywaekes. The origin o( feldsj>ar-rif h gneisA, 
the other principal metamoiphic rock in this region, has 
been man ptobknatkal. Given various name*, tudi as 

quartz monzcmite gneiss and mirroolmr £;T)'-i«;<,, the 
tekbpar-richgndss hat been considered ai an old inuu&ive 
igneous nxk (Lowering and Goddanl, 1950, p. 23)andasa 
meta5«i;mrnrar\ rock (Moench and others, 1962, p. 58; 
Shcndan and others, 1967, p. 23). Hedge (1969, p. 12, 
120-123) considered the feldspar-rich gneiss to be meia- 
morphoted felsic volcanic rock because the gneiss is 
similar in chemical composition lo add volcanic rocks 
fourxl in island arc a.ssexiaiion with basalts. Hornblende 
gneiss and amphiboliie, also abundant in paru of this 
region, very likdy were originally inteimeiiiaie to basic 
lufh and flows, and ca I r ^ 1 1 i r a te gneiss and impure marble 
were sedimentary rocks ranging in character from 
calcareous shale to argillaoetHis limestone. The early Pre- 
cambrian history in this region, therefore, probably 
involved an accumulation of a thick, layered succession 
composed pitdominanlly of volcanic tuod aedimentaiy 
rocks. 

Thin taycn and lenses of light-coloied rutile-bearing 

gneiss occur at several stratigraphic levels in thr Pre- 
cambrian lenane of the east-central Front Range. The 



j distribution ( Iini .u i' ri iir', nntf prr hable origin of these 
I rutile-bearing gncuses have been di&cussed by Marsh and 
I Sheridan (1976). Sillimaniie-quaru gneiss, one of the 
priTKijMl % tri' tie' nf niiile bearing rock, hasa simple but 
unusual mineral and chemical composition, containing 
very little else except quartz, sillinuuiite, and accessory 
rutik; it is chemically similar to many benionitic da;^. 
Rankama and Sahama ( 1950, p. 209, 563) have noted chat 
clays produced by weathering are commonly low in 
calcium and hi^ in aluminiua and titanium. 
Seidyuchenko (1968) believed that metamcnphic rocks 
containing I vHniTc dlh'manite, or comnrlnm in m.uiy 
places in the world arc metamorphosed kaohnite- bauxi te- 
weathering crusu. Ryaniie-quam rock in India was con- 
sideted by Dunn (1929, p. 218) to have been originally a 
surface decomposition of ba&alt to bauxitic clay. 
Espenshide and Potter (1960. p. 24-25) condiided that 
sedimenu containingdayorbaitidie were the pnctifMNrs 
of kyanite quartziie and sillimanite quaitziie In some dis- 
tricts of the southeastern I'mted States. Tofwx is present 
in notable amounu in some of the rutile- bearing rocks in 
the east-central Front Range, emphasiring the local 
importance f fl j irine It is likely that volcanic emana- 
tions provided ihi» fluorine to the original weathered 
materials. In support of this hyptwhe si s is the observation 
I of Rankama and Sahama (1950, p 764) that fluorine is 
' added to the "exogenic cycle by volcanic pnxesaes" and 
that fluorine is soQiigly adsorbed in soils, bennmiie. and 
bottom muds. 

Although die details of the very early history <d die 
rutile-bearing gneisses in the Front Range are matters 
involving considerable spcculatitm. the present character- 
istics of these gneisses are the result of hi^-grade regional 
rneiamorphism. The mrile-bearing gneisses occiir as per- 
sistent stratum-like layers and lenses in a thick succession 
of gneisses whose mineralogy, textiues, and structwal fet' 

tures all give evidence of foldincr and metamorphic 
retrvstalli/auon under high temperature and pressure. 
Tlie regional chandorof the metamorphism, rather than 
a "contact" phenomena, is indicated by the absence ol 
adjacent bodies of igneous rock. The high grade of meta- 
morphism IS indicated by the abundance of silhmaniie m 
the light-coktfcd gneisses and by the common presence of 
the pair sillimanite-microcline in pelitic gneiss layers of 
this region. 

The texture and mineralogy of the wagnerite-bearing 
sillimanitei^agioclase gneiss indicate that all the 
minerals, except seric iie and chlorite, are produrts of the 
regional high-grade metamorphism. The appearance of 
the rack. Widl its coarse prismatic sillimanite and the large 
grains ofognuidum diversely oriented in a folia ted matrix 
of finer minerals, is similar in iminy res{>e(is to the 
|M)iphvr()h|asiic textures obsers'ed in other giu i-^ws i)f this 
region. For example, calc-silicate gneiss and impure 
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marble kicaJly contain Urge porphyioblatu of gamci, 
epidoie, and other nrineiab. Similarly, hDge randomly 

oriented porphyrobtasts of andatusito (xrcur in the tnita 
schist unit of the nearby Ralston Bu ties district (Shtrndan 
and others, 1967, p. 8) 17 km northeast of the Santa Fe 
Mountain locality. We believe that such porphyroblasts 
developed in local sites where local pressure-temperature 
conditions and volatile concentrations favored the growth 
of coaiae crysuls late in the regional meiamorphism. 

Althongti bodies of pegmatite are present at theSanta Fe 
Mountjiii li>i jlir-. rhi , uc not genetically related to the 
wagnerite. I he peginatites are of simple quaru-feldspar 
ooai|MMitiion and contain no wagneriie. 

The occurrence of wagncritc as a regional rru-ta- 
morphic mineral at Sanu Fe Mountain is believed to be 
the direct result of the rather abnormal composition of the 
light<olored gneiss in which it is found. Apatite, not 
wagnerite, is the ubiquitous phosphate-bearing mineral 
in all the other gneisses. A calcium deficiency in the 
ivagnerite-bearing gneiss is inferred from the high Na:Ca 
ratio of the plagiodate and the paucity of other caldum- 
bearing minerals. Although some apatite is present in the 
gnoM, calcium in the rock was apparently insufficient to 
acoommodaie all die available phoiphaie. The wagnerite 
further reflects the high MgFe ratio, consistent with the 
pale biotite that is rich in Mg and deficient in Fe as 
compared with the Uotiie in most other gneiMes of this 
ivgion< 
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GEOLOGY OF THE MINTURN 1 5-MINUTE QUADRANGLE, 
EAGLE AND SUMMi 1 COUNTIES, COLORADO 



Sy Ogisn Tweto and Thomas S. Lovering 



ABSTRACT 



Hm Mintmi qnadna^ ia w aiw of ■hmt 390 MpiBi* bIIm (600 
■qiiar> kilometres) in the monntaina of c«ntral Colorado, 75 mile« 
(120 kilometres) «raat of Denver. In lU northeastern part il includes 
a segment of the high and extremely rujiiui'd (".ore Hiirijji-, uul in ilt 
southwestern part i! includes the northeasu rn flank nf itu' Sawalcii 
Raniif rhE'44_' t» j ranRes consist mainly of Prccambnaii rockn A 
lower but mountamous area between them, which occupies ■ large 
part of the quadrangle, consists of MdinieBtaiy radw, nudnly of 
Panasyhonian and Permian age. 

Minlilg operations at Oilman, in tlw ■DOthem part of the qu^d- 
nnglt, wara long tba chief indurtiy in tfaa quadmnila. Tho Oilman 
diatiiet la mikud with m pndtietioB thnn«h IMS of about $338 
BiDiOD in line, film, copper, lead, and gold. The ofe deposits of this 
AatTict are discussed In a separate report ■ Since the early 1960'» « 
rilling and riTrfiil ional inrjustry has burgeoned at \'ail. in tlu' niuldle 
part of thi' (^Ulldrdl^^,■lc. iind has surpassed mining aa an etunumn: at 
tivit\ Ln 'hr .iri'ii 

c;itej,'i)nc'< Ml riCLiinibnaii i r\ sM'.litu' nn-ks, iji a 'hin but 
economK-ally mgnilicani .sequencf uf pre Pennoyivanian faienwir 
aedimentary rocks, I3i a thick .sequence of Pennsylvanian and Plt- 
miaa sedimentary rocks, (4) a thin ee«)iience of Mcsosoic aadlmen- 
taiy nieka p n e ee r ro d in an area of only about a aquan ifrila <2,6 
•qvaea hUnmatraal in tba nortlnsaat canicr of the qiiiArmglt. iSl 
ncattered Upper Ckctaoaoaa and Tertiary intrusive igneous and 
volcanic rocks, and i8i unoonaolidated Quatenwiy siwfienl deposits, 
mainly of glacial ongin. 

The Precambrian X rucks exposed lh th*' (Uni' .md Saw-aii h Kar^:! -. 
conairt mainly of migmalito and ,.Tanilu nu k',, hut tin", .il^r, mrlutii- 
biotiti- >:r'_'isg, diorite. and dike nrcks. sut h as pr^riTi.iliN' ami a[/li'<' 
BiutitL* sneisa. the oldest rtn k ■wu- widely convened to miK»<«i>it? 
during early phases of granitic intrusion. Biotite quartz diurite and 
minor hornblende diuntc tnrnn many small bodies that were 
emplaced during and foll<m;ni; migmntiaation and in advance of the 
main bodiea of granitic rocka. The gnnitie racks are formally delined 
here as the Craaa Creek Granite. Extendve bodies of this granite in 
tb* Si«nit«h and Gore Rangaa era infarrad to ha parts of a aingle 
large balhoUth. The Croas (Veek Granite varies in compoaition from 
granodiunte to granite, but most of It is quartz monzonite that is 
nesr granodlorile in composition. The granite bodies arc typically 
(•i)rui)rd,ii:'. Aitli l!it' fiiv-!o*-ini^ t^nci-^s-'s aTid bav** i:radatitniaj con- 
l«cU wilin liif jiiH-issi'.s The Cross Creek is dated isuiopicaily Hi> about 
1.700 milliij;. v> ars m a^'< 

The sequence of pre Pennsylvanian Paieoxoic rucks conaisu, from 
the base apnard. of the Sa watch QuartAlte, Peerless Formation. 

•TIm fvpuH lailii-iirwdiipMU uriliviiilmik 4iM>n-l. EsNlr ('iwlily. Iwa lam ■hrsi|iita».'4 
m tMknHttl aem^r Pniltiiipnal Varit 1017. 



j Harding Sandstone. OhafSie Group, and LaadvOle Lbneatcaw (or 

IDolumitel. These rucks are exposed only In small arcag. principally 
slung the csnyon of the E^gle River and on the lower slopes of the 
SmwiiU h RjinKc: .some sre exposed also in small fault bIiccs along the 
Curt- fiiiilt, a rnaiiir fault along the wiuthweKtem side of the Gor» 
Raii>^f Thi- Giir*' fault rn.irk.-* the wc.ilern border of iin ancH'nt high- 
land that wait elevated repeatedly during Paleotoic time, especially 
late Paieoxoic. Clonsequently. all the Fileoaoie ftarmttiou thin er 
pinch out toward the Gora RangBi 

The Sawatcb Quartslie, «f Late Ckmbitaa age, imu i*lth praftwid 
unconlbniiitjr vpon m phiNar naflMe cut ewer hmnbrfaa MMka-Tlw 
Se watch oonaista almoet entiraly of medium-bedded modhim'grainad 
white nr lightly tinted quartziie. but il contains local lenses of fine 
conglomerate at the base and scattered small len««« of brown- 
weathering dolomitic aandstom.-t in it.s middlf |jarl 11 is nlxiut 200 ft 
Ifeeti (60 m (metres) 1 thick iib«r ihv HhkIc Kivcr and about 100 ft 
li> m> thick where preserved along the Gore fault. 
The Peerless Formation, of Late Cambrian age, contiurmably over- 
lies the Sa watch Qua n ^ ite aod locally is in gradational contact with 
the Sa watch. The Peerieaa consists of tkiomitic sandstane, sandy 
dalonite, dolomilo. ahally dnloaiite. and dainmltic adigewiaa coa- 
glomerataa. The raeka ai* locally glaixnaitic and ferruginons. and 
they are varioualy eelorad brown, maroon, green, and buOl Hm Pear* 
lesw is S5-70 ft (20 ml thick near the Eagle River, and a maiimnm of 
20 ft i6 ml of II Is preserved near the Gore fault 

The Harding Sandatunc, of Middle Orddvician a^'c lit s wiih eru- 
iiional unconformity upon the Peerless Kormaiion. The unit consists 
of white quurl/ite. green sandstone and conglomerate, and gray and 
green shale. As expoeed along the Eagle River, it ranges in thickness 
from 14to 90 (4-15 m> and it may be as much as HO(t i24mi thick 
in some of the mine worfclngt at Gilman. It u ahaent near the Gore 
fault. 

Aa defined in thia npon, the Chaffite Group, of 1^ Dainqian and 
Early Mississippianf?) ace, consists (Vom the base upward of the 
Parting Fonnation, Dyer Dolomite, and Gilman Sandstone Near Gil- 
man, the Parting Formation lies with erusiunal and slight angular 

unc<>ii: rmit'. ii(i. .ii ihi- Harding S.irulstone; in other areas it ovtrlapi 
older .~.:dinii-c.'.a:'. fio rii.it iiiii- and -11 pliirps along tht tiurc Uull it 
Hps upon IVr ■.imht i.in ro» ks Tin* Par' ini; cunsssts mainly of coarae- 
grained tan Ui *hitr i|UAMii>ie atxd conglismiTate; locally, green shale 
iM also a prominent component The Parting is typically about 45 fl 
I !4 ml thick near the Eagle River, though it locally reaches 66 ft, (20 
n, A maximum of about 2n ft i6 ml is preserved near the Gore fault. 
The Oyer Dolnmite lies cooformably and with locally gradatimial 
contact upon the Patting Ibrmatjian. The Qyar conaiata of tUn-bed- 
ded gray and buff dolomitia. U la 7»-BD ft <2a-M m| thiek near the 
Bagle River and ia abaant near the Can fkalt. The Qilaua 
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Sanditone. formeriy claiaed ai ■ member of the Leadvtllc Limestone, 
lies with enMional unconformitv upun the Dyer Dolomite and is over 
l*ln with eroBional unconformity by the Leiidville here redefined. 
The Gilman ctinsitita of Mindittund. dulvmil*. chert, and breccia m 
vanous propurtions. It ii typically about 20 II (6 m) thick but ranges 
ftom 10 to 60 ft 13-16 ml in thickam. In the mineraUaad aiw ntar 
GUnaa, th* OitaMB amdiiBDH Iim Imm coMidcnibty nadUM ia 
eenpMitka md ■tnMtim bgr nfaitimi and ooHapw. 

The LMdvUIe LtanMtoM (or DotomlM u bm Mdeflnad eonaktu 
of carbonate roclu of IOaiiaiip|rian age o««riy)B( Um Oilman 
Sandatone and underlying aHhar the rcgolithic L«wer Pennayl vanian 
Molas Formation or the Middle Pennaylvanian Belden Form a lion. In 
most of Colonido, the Leadvilte in a limeatone, but acru»« th« width of 
the Columdo mineral belt — a distance of aa much aa 40 mi (65 k - 
— It IS «ntir«ly a doiomite. in the Mintum quadrangle, the boundary 
between the limestone and the dolomite facies is in the valley of 
Oroas Creek, midway between Oilman and Mintum. Northwest of 
CrOM Creek, the Leadville consists of light-gray-weathering 
fenmiaifanl liaaMoM, and it is rafwnd to «• the LMdvilla 

pataad dufc-fnqr MobM* md wffma mirrMltati dolwWt 
ftwiw, nftmd to at Lndvilla Dolomila. tlw llue-ciuned dark 

dolomite ia concluded to have replaced original limestone during an 
early msge of 1.aramid« orogeny in Late Cretaceous time, and various 

recr , - lili.iiiiong of this material occurred later The top of the Lead- 
ville Id a karst eroaion surface marked by local pockets of rcgolithic 
silt referred to the Molas Formation Because of the uneven Icarst 
surface, the thickness of the LeadviUe vanes widely over the region. 
Along the Eagle River in the Mmtum quadrangle, the Leadville is 
110-140 ft (33 -42 m) thick: it is absent at tfaa Gore fault. The Lead- 
ville is the principal boat rock of ore depMita ia the Oilman district. 

BagBli*''*" -l» irf t>i« Mnlaa |»\Mmfti«n 1*1 t umiy Iflly mt Hia 

toi^ of tha iMdvillM nid b linatally oaly a Cm bwhaa to a iiir faal 
tUek. mm ptaaanl, tt am aiawad with (ha Bddaa Fanaatian. Aa 
■aan In nine worUnga, matarlal of tha IMaa liila aaiutiaiB cfaaaaala 
and cave» in the Leadville beneath the kafataarfaetf,thMigha»la]w 

of Molas may be evident at this surface. 

The Leadville. tir lucally the Motrt!", i-* fiverluin by a« muib us 
lO.ROO ft l3,22o mi of predominantly tIhsIic riKk.-i of PennKylviinmn 
and Permian a^e These ntckn are divided into three furmaliim.s, the 
Belden Formation, about 200 (t (6€ m< m inaiinnim thickness, the 
overlying Mintum Fbmuitwa, aamuoh a.N R,300 a (1,920 mi thick, 
and the Maroon FiMmation, aa araeh aa 4,200 a (1,2M m) thick. 

The Balden Formation eoaaiila of lalaitaddid lilack afaato. 
Umeatooa, and fina-0«lnad aaadMooa. Riailla ilrani the |yiM aection. 
near Gilman. indicate aa aariy Middle Pannoylvanlan < Atokan> age. 
An em«ndi-d typ« mrct inn ia praaented . The Bvlden is abottt SCO A 100 
ml thick near the Eagle River, and it pinches out northeastward 

toward thi- (iun- fa jl; proimlilv in- niindeposil inr. 

The MinLurn Ft>rn;«iliun. ^ ly|>e seclinn ^^hn'h is presented in 
this rvpurt. consists predominanlU nf Km, i ■t>;lii::iir,ite. and 
sandstone in Ivnlirular bv^is These nx ks nn- bi^hlv nrkusic. 
micaceous, coarse Krained. and pourly sorii-d Tbev an- imimly gmy 
or of various liKhl pastel t olors. but a zone 400-700 ft H20-210 m> 
above the base is dull red, and a zone st-veral hundrt^ feet thick at 
the tup ia bright red. The clastic rocks are infiirred to l>e nkartne- 
nwiRin t^iedntont dopaiita derived tnm a highland aaat at the Gore 
firalt. Sevarai bada aT marina Kmaatone are iatareatatad in the coane 
doatic iraclia, particidarly in the tipper heir of the Formalion. The 
lower half eontuins a few thinner beds of dnlomite and. at several 
horizon^. M'atlered d^iloniite reefs. Seven of the nitMt distinctive and 
persistent liineKtoix-si or duloinites were d«-MiKnnte<1 ii^ im itifiers of 
the Minlurn in (he Pandu area, immediately south of tht^^ t|Ui>dran|{le 
r.M til 19-491; the Wearyman. Hornitilvor. Resolution. Robinjwm, Elk 
Kidge. White Quail, and J«ci|ue Mutinuin Members. All are present 



in tbi' Minmrn gu.nlr.iivle but >mlv tbe tast f>iur are Wldenpread 
Kussils fru«i the iimesti>ni-« mdnate ibat the Minlurn m Middle 
Pennsylvanian lAtukap. and l)e> .Miiiiu-.Man • m nmr The Minturn 
overlap* the eroded edf^e-i of all uitiet furmaliuni> and extends unto 
Precsmbnan nn k,- n. ar the Gore fault. It ia about 6,300 ft 1 1.920 m> 
thick near the Eafla Biwr, ImI it tUaa abruptly by oalap againat the 
aM MdMaml aaar the Oan flMh; flMia. the Robinaeo Limeatoao 
limte, 4^ft flJNOaa) abam the Biidan ia the area fkithaa 
waet. is almoat in contact with tlia gtaaHe. Waatward. the Mintum 
mck-i become finer grained, and IfaviBtartanguaarith gypsum of the 
Eagle Valley Evsporiie naprtha aaatattt bnundniy afthn quadrangle. 
The Jscqoe Muuntaia tiniaatono M a mbar marka the tap af the Min^ 

turn Format um 

The .Mar'jon Formation i^eaembles the Minturn in lilhulo^, hut it 
I i!i entirely red, and. in general, it is less coaree Mrained. It m about 
4,200 ft 1 1,280 m) thick in the nurthweatem part of the quadrangle 
and thins eastward toward the Gore fault. The Maruon is un- 
foasiliferouB in the Mintum quadrangle, iMt, from straligraphic rela- 
tiona and scant roaaila found elaewhare. it ia eancluded to be Middle 
and Late PanaayhMMian and Buly Pormiaa In a^ft. 

in a Hall nraa aa Rad and White MauntaiBt in the northwoatcm 
part of the Quadrangle, the Maroon ia owarlain by Maaoaoic racka 
comprising tlie Ciunie Formation, Entiada Sandalone. Morrisaa for- 
mation, and Dakota Sandstone. These units have a total thickness of 
about 536 ft ' ItiO 

TTie Upp«r Cretaceous and Tertiary igneous n>cks of the quad- 
rangle are 1 1 1 Pando Porphyry, of Late Cretaceous age, in a sill that 
intrudes the Belden FormatKin in the Uilman-Red Qiff area; (2) 
patches of basalt and tuff of Miocene ago in the Piney Rivar area; and 
<3i scattered dacitic dikes of probable middle Tertiary a||c in the 
Gore Range. The unconaolidatcd deposita consist of ill a thick col> 
luvitnn of Pliocaoe and Pleialocenei?) age in tlie Red end White 
Mountain-Piney- River ana. 42) glacial ttlla of pia-Ball Lake. Ml 
Lake, and Pinadale agm. 4Sl landalide dopoaitB. and i4i atn«m 
alluvium and gravela of Fleistacene and Holoeene age 

The Mintum quadrarij;li.- i'^ divided structuralK mtu three main 
units, corresponding !o the parts in the Gore Ran|4'', ihu SawatLh 
Ran,;i.- .ind the inti rM-ping area. The Gore Range is a arte tuull 
block ut Precsmbnan rucks, only s part of which is in', iuded in the 
qusdranglc. The Gore fault, the bounding fault on the >'juthvk<. ucrn 
Hide of this block, is a complex fault that has several strands. It origi- 
nsird in Precambrian time snd underwent aiovefflenta at many 
limea fnim then to the lete Tertiary, it ia, in ganeral, a vertical or 
steep nennal faaft. Hie Sa watch R ang e, only a email part of which 
lioa twitbia tlia quadrant, ie a huge antlellne. The range iimsiata 
lergoly of Precambrian rocka in the core of the anticline; a thin cover 
of Paletixoic sedimentary rocks, broken by a few small faults, forms 
dip slopes on the northeastern flank of the antiL-line. southwest of the 
F-BKle Ru. r 

The area !>i''.wcfii itir <,iiri' ind S.i^.ilih Ran^^i'i is hr^.-.idly syn- 
ciiriiil and only riii'rieralrU ilt-l. rtiM-il Tin' pr n< ip,il lulds ..ire three 
north iuiiorthwexl trending .-.lynclitiex nrranijeU eilieiun in a north- 
west -in-nding line The .niutheastern — or Black Gori- — syncline 
has a broad, gently dipping touthwe.stern limb that is a part uf the 
ilank ofthc Sewatch antulme snd « narruw northeastern limb that 
tuma up steely agiinat the Gore fault. The middle —or Vail — ayn* 
dine ia a bowed, doubly plunging qrnclinc that ia pniminanlly en- 
poMd «a the oidca of the valle)^ of Gere Credi at Vail. Tlw noitli- 
weetem — nr Red and While — syncline oeeupioa moat of the aree 
between the mouth of Gore Cr«!ek and the Piney River, The 
.«>uthra»lern hose of the syncline is blunt and forms an abrupt north- 
we.Ht -dipping monocline along the north aide of Gore Creek fnim the 
EsKle River to Red Sandstone Creek This moniM'line s<'parates a 
southern an!« thai i.'> siructurally a part of the flank of the Sawalch 
Range anticline from a northern area that is part of a large struc- 
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tur«l baiin that lien nurthwest of the quadrangle Ail ihrt-v uf (hv 
•ynchnes arv accentunled in thf* »ubi»ur1aco becau*** of tht* ihinninK 
of the Paleozoic formallons Imnrard the (lore Ran»!e 

TImi MdimcnUry rocks arc lyraken by vteep faulu in pimeeu. but 
molt «f Um CMdU Imw diaplMOnenU of leaa than 100 ft *30 Ail In 
tiM nlM iwitliiBp md CMvm wvU* M Oilman, Mduw fault* *n 
MBiHfMM, md aiMp &tihi •■• ran. Tha baMiac faalta. thawgti in. 
wiii>*c<i»M. pUyaJ aw iwyeitaait nt» m gwnd fmwratina pcwr to 
nuMnloMiMi al OUmaa. Pbulta in tha Pncatabriaii roclia in thi;> 

aoM. a h n m i ftortheaat-tfcnditv PMcambfiaii dmut mm Ihrt tin 

raainly to the «>iith uf the quadranglr Mi>«( of th* buUa laraiiliat<- 
upward at the baac of the Sawatch tjuartiitc. 

iNmoDucnoN 

GEOGKAPHY 

The Minturn quadrangle is an area of about 230 mi' 
<600 kan m the moontaiiu of emtral OokmMlo. 76 mi 

(120 km) west of Denver (fig. 1). In ita norihea^tcrn 
part it includes a segment of the high and extremely 
rugged Gore Range, and in ita southwealarD ftot it fai- 
eludes the northeastern flank of the Sawatch Range. 
The Eagle River, which drains all but the northernmost 
part of the quadrangle, flows along the base of the 
Sawatch Range. A broad northwest-trendinf; belt be- 
tween the Eagle River and the high cre«tal ndge of the 
Gore Range is moimtainous but generally lower than 
the high creata to the oortheaat and southwest 

BMyecaaB to the ereeia provided by Highway 6 
and 1-70 which follow Gore Creek westward across the 
middle of the quadrangle. Acceia from the south ia pro- 
vided hy U.8. Ifighway 24 and the Denver and lUo 

Grande Western Railroad, whicli fdlli w !hf Eagle River 
northwestward. Until recent years, population of the 
qwdrm^ WW eanteved hi tiie three imall towne of 
Red Cliff Oilman, and Minturn, along the Eagle River 
In the early l%0'8, a fourth settlement, Vail, was 
eatablished as a ski resort on Gore Qreek near the 

mouth of Mill Cre^k fpl. 1), 

Mining conducted in the Red Cliff Oilman area was 
long the principal industry within the quadrangle. Red 
Cliff, the oldest settlement in the quadran^e, was 
eetabliehed as a mining town in 1879. The center of 
mining operations later shifted to Gilman, which since 
19i8 has been • "company town" of the New Jersey 
Sne Go. The mlnea at Oilmen are a principal source of 
employment for the residents of Minturn also, but Min 
turn is, in addition, a railroad town that was established 
ne a beae for the estre tocometive equipment ncceeaery 

to move trains over the rnntinental Divide at Ten- 
nessee Pass. 12 mi (19 km) south of Red Cliff. 

About 86 percent of the quadrant ie in the White 
River and Arapahoe National Forests. The forest land 
supports a summertime sheep-grazing industry and a 



small lumbering industry. It also supports a skiing and 
recreational industry which, though only recently 
established, has surpassed . mining as a principal 
economic activity in the quadrangle. Si4>erb mountain 
icenery, the virtaal absence of habitationa outside the 
vaneya of the Eagle Rhrer and Gore Greek, and kiow 
and slope condit1nn^ idea! for skfillff aMki* ttw «•* at- 
tractive for such activities. 
Hie Goiw Range, the predominatinf topegiaphie 

featufp, rises 5 000 ft (1,525 m) above the valley of Core 
Creek at Vail to a crest-line more than 13,000 ft (4,000 
m) in elevation. Bekw the iteep and craggy rock slc^Ma 
of ih-.'i intensely glaciated range a brosd arpa of 
forested, rotmded ridges that extends southwestward to 
the foot of the Sawatch Range. Many grassy slopes and 
ridges dot the forested area, which is characterized by 
dense growths of spruce and alpine fir on the north-fac- 
ing slopes and by lodgepole pine, aapea, and scattered 
Dovflaa-fir on the aouth-facing ikpea. 

HISTORY OF INVESTIGATION 

The earliest geologic investigations in the Minttim 
quadrangle were made by Peale (1874^ 1878), frtio 
described the general stratigraphic sequence and Struc- 
ture along the Eagle River and mapped the area hi 
rapid reconnaissance for the Colorado Atlas (Hayden, 
1877). Poaia'a work provided the geologic framework 
for variooB reports on the mines of the Red Cttff-Ott- 
man area (for example. Olcotl, 1887. Guiterman, 1890; 
Means, 1915), although it was gradually supplemented 
by extrapolation of geologic information tnm tiie Lead- 

villf f|]st,rict. 20 mi ^2 k:n > ti. the south, with which the 
Red Cliff -Oilman area has many parallels (Emmons, 
1888; Emmona and olhera. 1927). 

The first detailed geologic map of any part of thf 
quadrangle was prepared by Crawford and Gibson 
(1925), who mapped the area along the canyon of the 
Eagle River from 1 mi mrth of Gilman to about 5 mi (8 
km) south of Red Clift and described the ore deposits- 
Results of private studies of the ore deposits and 
vicinity, begun as early as 1912 by the New Jersey Zinc 
Co.. are summarized in reports by Borcherdt (1931) and 
by Radabaugh. Merchant, and Brown (1968). 

Qeotogic mapping of the Minturn quadrangle and 
study of the Gilman ore depoaits in light of the regional 
geology was begun by us in 1940 for the U.S Geological 
Survey in cooperation mth the Colorado Metal Mining 
IWd. a predeccaeor of the present (1976) COkirado 
Mining Indu.strial Dc-vclopment Board Study of the 
mineralized area occupied most of the first short fleld 
season, and mapping of the quadrangle on a cloee 

reconnaissance basis at a scale of 1:48.000 was largely 
accomplished in the field season of 1941, except for the 
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area of Precambrian rocks in the Gore Range. Most of 
the area in the Gore Range area waa mapped during 3 

weeks in 1942, and the project was thon rcci'ssod. ouing 
to wartime pressures for other work. A summary of 
resulto to that date (Lovering and Tweto. 1944) was ac- 
companied by the geologic map of the quadrangle, 
which at that lime contained many imperfections and 
was still blank in the extreme northeast corner. Follow- 
ing work in a few critical areas and in several minaa by 
Tweto in 1946. a summary of the ore deposits was 
published in 1947 (Tweto and Lovering. 1 947 1 Owing to 
other demands, the prqject remained dormant for 
several years after that date. The last essential 
stratigraphic and structural fieldwork was completed 
by liovering during brief field seasons in 1960-63, and 
the glacial geology was studied intennittently through 



the early 1960's by Tweto. Last improvements in the 
map of tiie area in the Gore Range were made ui 1969 

(Tweto and others. 1970' 

With apologies for this long history of delay, we here 
report on the general geology of the Mintum q«iad- 

rangle. A separate repvri 'LnveririK' and others, 19771, 
deals with the ore dtpoisti-s uf iho Gilinau district and 
with the alteration history of the Leadville limestone. 
In the many years since the work on the Minturn quad- 
rangle started, studies of various aspects of the geology 
and of the ore deposits were maile by others, and the 
science of geology made marked advances in concepts, 
capabilities, and technictues. In the sections that follow 

wc present the results of our interrupted studies as in- 
tegrated with the later studies of others, without at- 
tempting either to achieve balance in the scope of treat- 
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; of the various topics or to pursue muiy tafia to 
the extent that the state of the scienc- nn^.^days per- 
mits. We acknowledge with thanks p< iio^iaphic data 
supplied by Tom G. Lovering on our scattered samples 
of •edinientai;y and dike rocks from outside the 
mineralized area. 

The K(-(jIi>>;ic map accuinpanvinu this rf|>()rt will be 
found to be geometncally inaccurate in many places, 
owing to inaccuracies in the topographic base used in 
the iiri^'inal geologic mapping. Some of the mi>re glaring 
inaccuracies in the base were latter corrected photo- 
grammetrtcally. but much of the map remains as plot- 
ted on thp original base, which wn* a prrliminarv ver- 
sion, ai a scale ui 1 . 48,000. of the 1934 edition of the 
Mintum IS-minuta quadrangle tofmgraphic map. 



ENGLISH AND METHlt: I NITS 

Thickness listed in the stratigraphic sections in this 

report arc- in feet, a.s are the contours i>n the 
topographic base and the elevations, derived from the 
coatoors. in the geologic croas sections. Scales for con- 
verting thic.kncs.'i measurements and (.luvaiinns to 
metric units are shown in figure 2. Both English and 
metric values are indicated for other measurements ez< 
ccpt potrographic dimensions which, in a<(<trtl with 
convention, are entirely metric. Conversion units are as 
foUows: 

Inches (in.) multiplied by 2.54 = centimetres (cm); 
Feet fft> multiplied by 0.3O4S' metres (m); 

Mih-s itnr tmiliiplifii by 1.609= kilomelr»'s ikm); 
Square miles tmi') multipled by 2.6> square 

kilometresfkm*). 

Millimetres (mnii multipled by 0.039= inches; 
Centimetres (cm) multipled by 0.394* inches; 
Metres (ro) multiplied by 8.281 « feet; 
Kilomeires (km) multipled by 0.621" miles. 



ROCK FORMATIONS 

Thp rnrks tif thp Minturn quadrangle are dividfH into 
many formations or map units liable 1), but on the 
basis of their occurrence and geologic connotations they 
fall into six main ^oups: Mi Precambrian crystalhne 
rocks, i2» a thin sequence of pre-Pennsylvanian 
PlilaOKoic sedimentary rocks, (3> a thick $iequence of 
Pennsylvanian and Permian sedimentary rocks. (4i a 
thin sequence of Mesozoic sedimentary rocks in a small 
area on Red and White Mountain. (5) scattered Upper 
Cretaceous and Tertiary intrusive and volcanic rocks, 
and (6) uneonsolidatcd surfidal deposits. 
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The Precambrian rocks, which are principally gra- 
nite and migmatite, form the high part of the Core 
Range in the northeastern part of the quadrangle, and 
except for a thin cover of sedimentary rocks, they also 
form the bulk of the flank of the Sawatch Ran^e in the 
southwestern part of the quadrangle. They are com- 
pletely covered by sedimentaiy racks in the area be- 
tween thp two ranges. 

The pre-Pennsylvanian Paleozoic rocks, mainly 
quartzites and dolomites, are exposed principally in the 
canyon of the Eagie River (fig. 3j and aiUoining lower 
slopes of the Sawatch Range, although some of them 
are exposed also in thin fault slices along the Gore fault 
in the Gore Range. On the flank of the Sawatch Range 
these rocks form extensive smooth gentle slopes (fig. 

22' These slopes are approximate dip slof>*'S. hut 
because they are sUghtly gentler than the dip, the 
various formations are in shingled arrangement, with 
ynunger units appearing >;ucce»?«!ively down.siope and 
northward. Although thin, aggregating only about 55U 
ft (168 m), the pre-Pennsylvanian rocks are of special 
intores>t .ip the principal hoatrocksof the ore deposits of 

the quadrangle. 

The Pennsylvanian and Permian rocks, in contrast, 
are more than 10,000 ft (3,050 m) thick and are essen- 
tially devoid of known mineral deposits in this quad- 
rangle. They occupy the entire area between the Eagle 
River and the Precambrian rocks of the Gore Range. In 
this area they form a northwest-tFending en echdon 
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FicuRB 3.— Canyon of the Ea^e River at Belden (in canyon bottom) and Giltnan (at top ordifT*). ClifT* of ttratified rock in middle part of 
canyon wall are Sawatch Quarttite, whith lies on Precambrian rock*. Diacontinuoiw clifft hii^r on canyon wall are Chaffee Group and 
Laadville Dolomite. Vertical dintance between Belden and Gilman ii about 600 ft (200 m). 



line of synclinea. The sedimentary rocks terminate 
abruptly to the northeast at the Gore fault. This fault 
flanks the Gore Ranfje and separates the sedimentary 
and crystalline rocks in the northeastern part of the 
quadrangle. 

The Mesozoic sedimentary rocks are preserved only 
as a cap about 535 ft (163 m) thick on Red and White 
Mountain, near the northwest corner of the quad- 
rangle. 

The Upper Cretaceous and Tertiary igneous rocks oc- 
cur only in scattered small bodies, the largest of which 
is a quartz latite porphyry sill intercalated in the basal 
Pennsylvanian rocks along the canyon of the Eagle 
River. The sill is of Late Cretaceous age. Tuff and basalt 
in small areas in the northwestern corner of the quad- 
rangle are of Miocene age, and small dikes in the Gore 
Range are of probable middle Tertiary age. 

The unconsolidated materials are principally glacial 
drift, which is widespread throughout most of the quad- 
rangle. The high part of the Gore Range, however, was 
swept clean by the glaciers, and glacial drift is rare 
there. 



PRECAMBRIAN ROCKS 

The Precambrian rocks were mapped only in recon- 
nai.ssance and were not studied in great detail. Hence, 
they are divided into only four units on the map (pi. 1). 
although many other units might be distinguished in 
more detailed studies. The oldest and least abundant of 
these units is biotite-quartz-plagioclase gneiss, referred 
to as bioiitt* gneis.s. This gneiss is similar to. and correl- 
ated with, the old gneiss of the Front Range and other 
areas of Precambrian r«>cks in Colorado, where it has 
been assigned names such as Idaho Springs Formation 
(Ball, 19061 or Black Canyon Schist (Hunter, 1925i. 
Presumably, this old gneiss was once far more abun- 
dant in the Gore and Sawatch Ranges than it is now. 
but most of it was converted to migmatite or destroyed 
durmg the plutonic-metamorphic episode in which a 
granite here called the Cross Creek Granite was 
«'m|)lac«'d. Hence, far more migmatite than biotite 
gneiss is depicted on the map (pi. 1 1. 

The migmalili- and granite are accompanied in many 
places by a gneissic biotite diurite that seems to grade 
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into both rocks. The diorite is abundant in moai areas 

where hdth jiranite and in i|,nnnt itc are prt-sent. bu' 
much tit It in ismall budies thai wx-rt- nut di.suntiui'^hcd 
in mapping. Only th« larger bodies of dioritic rocks are 

shown 'in thr- rnnp. nnd ir mosi oriht-m thi' dinriU- is 
mixed Witt) >;ranite. migmatite. and pi?>jniatile. 

BtoTirr <,\Fis.s 

The predominaling rock ul'lhi- unit here called biutite 
^{neiss i-t a dark- to medium a v strongly Tuliated 
ipieiaa consisting; of alternating layors that art- rich, 
respectively, in biutite or in quartz and plagiuclase. The 
$;rain «;ize is variable, and in the facies in which the 
hiotiie IS coarse and abundant, the ruck is a schi.st. 
Sume uf the gneit>s cuntatns j>illim«inilc either as scat- 
tered needles or as waxy white clots, and some contains 
small dull red almainlih - unets. In places the uneiss 
c-oniains lennesi or layens of calc-silicale ruck or of 
quartzile a few inches to a few feet thick, and locally it 

contains a little hornblende gneiss (jr amphiholile. In 
genvral these other roc k varieties are nuii h less abun 
dant in the biotite gneisn uf the Minturn quadran^'le 
than they are elsewhere in the Precambrian of Col' 

<jrado. 

The hiotite ((neiss cim.Nists of 2(1 10 percent quartz. 
30 60 percent plagiuclase iuligoclase/undeiiine. 
An,.,_,.i. and 16-30 percent biotite, Sillimanite. 
jjarnet. cordierite. microcline. or hornblende may con- 
stitute as much an 10 percent of some varietieii, and 
magnetite, apatite, and zircon are ubiquitous minor 
components .Microchni- uenerallv constituies no more 
than a few percent ui the ruck, if present at all. except 
in varieties grading into migmatite. in which it may be 
a major component In composition and tji-nerai 
character the biuiile gneu^s ts closely similar to that uf 
the Front Ranf^, described in detail by Sims and Gable 
11964. p. C14-C19> and by Moench (1964, p 
All A16t 

Although <'i)lv scattered bodies of liiotite gneiss are 
shown on the ^'eo|ok;ic map 'pl 1'. the t;neiss is more 
abundant than indu.ited. as it occur.s also in many 
small bodies within the mii^inatite and the granite. It m. 
however, much Icirs abundant than in many other area.s 
of comparable size in the Precambrian terranes of Col 
orado Viewed renionalis. this sparsitv is a fairly local 
feature a^huciaied with the Cniss Creek Granite and 
accompanying migmatite. The gneiss is much more 
abundant a few miles south of the quadran^jle in the 
Sawatch Range, a lew miles north ui the quadrangle in 
the Ck>re Range, and a few miles east of the quadrangle 
in the Tenmile Kan; i 

The biulite Kneij^^i is the oldest rock recu^nued in the 
Minturn quadrangle, just as similar gneiss (together 
with associated gneisses not present in the quadrangle) 



I are the oldest rocks recognized in the Ftont Range and 

I i'!-( \vh(>n' in Colorado, I.sotopic dating by the whole- 
luLK I ubidium sirontium method indicates that similar 
and presumably correlative ^jneisseH of the Front Range 
and the Black ("anyon of the (lunnison were formed by 
metamorphism I T (o 1.8 by. i billion years' ago (Hedge 
and others. 1967: i'eierinan and othi-rs, 19€6: Hansen 
and Feterman. 1968*. Age of the sedimentary mck.s 
that were parent to the gneiss remains undetermined 
but. as suggested by i.sotopic data, probably does not ex- 
ceed 2 b.y. 4Z. It,. Peierman. oral cummun., 1970). 

CtUOSli <:ReEK GMNITE XSO 
WciJiirJO MIGMATrrE .Viil> DIOMTE 

The Precambrian rocks of the Gore and Sewateh 
Ranges in the Minturn quadrant{le are predominantly 
Cross Creek Granite, which is accompanied in mo.st 
places by clo.sely related diorite and migmatite. These 
three kinds of rocks are intimately mixed, grade into 
one another, and seem to be joint products of a major 
episode of jjranitic intrusion and attendant plutonic 
metamorphism. Becau^ of the mtermixing and in- 
tergrading. mapping of these rocks la a highly .subjec- 
tive piiHr-^-, .itiii m.ip^ ni:ii!(' h\ <IinVri-nt wmkers. or 
even by the .same worker at different limes, are likely 
to differ appreciably. 

(;ki>ss{:KF.KK t;H.\xrri= 

The rock unit here designated the Cross Creek Gran- 
ite- \s an inhomogene^iu.s batholithic unit ranging in 
composition from granodiorite to granite The unit 
forms the northern end of the Savratch Range, where it 
occupies an area of aUiul 50 mi- i l.'JO km- i. and it takes 
its name from Cross Creek in its type area, where it is 
well exposed in clean and fresh glaciated outcrops. The 
unit also funiis thr bi.ilk uf the Cunt' H,int;e. not only 
within the Minturn quadrangle but al&u in adiummg 
parts of the range in the Dillon quadrangle to the east 
and in the Mount Powell quadranL'lc to the north 
• Tweto and others. 1970). The granite bodies in the two 
ranges are m iiimiiar that they are inferred to be parts 
of n sin.;le large batholith. This inference is supported 
hy magnetic data iTweto and othei s. 1970. p. C33, pi. 1 1 
which suggest that the granite is continuous id the sub- 
surface between the Core and Sawatch Ranges near 
the latitude of Gore Creek. 

So far as is known, the Croaa Creek Granite is 

* restricted to the northwest sidf of .a ma jur Prpr;imhri.Tn 
fracture zone called the Homestake shear zone iTweto 
and Sima, 1963K This broad northeast'trending zone ia 

'Tlw una CnM Omli (iraniw mmtmi lallw IM4 pnliia4itar]r nfoci <t«mif hmI 
TwcUi. IH4llMlw*M*liMn riira<llgrtMMl««lM4puMMlM4. In ttifMHttm ItnalMar 
CMMOmk- hm kmm iw4 iPMun uiatkm. tM; Bliwililil, IMKIMa. IW4I. 
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centered only a few miles south ot the Minturn quad- 
ranglf in ilic Saw;ni h Rant;e iTweto 197 } and some of 
its border fractures extend into the southwestern part 
of the Minturn quadrangle (Tig 24). In the Gore Range 
thi' shtvtr ^iine is exposed >inly to the east of the Min- 
turn quadrangle, south of the latitude of Gore and 
Black Gore Creeks. As the Homestake shear zone had a 
left-lateral hon/"ni.il iii>|jlacemenl of at li-a-i M v cral 
miles iTwetu and Sims. 1^63. p. 1003 1004j. the Cross 
Creek batholith is possibly displaced with respect to 
some unkniiwn l ontinualion to the south t)r s<m)ihi-.i>it. 
More liki-l>, howi ver. the shear zone t'oini'ides with the 
edge i>f the batholith K'cause border facies characterize 
the batholith along the shear zone Thus, there may be 
no tjffset extension of the batholith southeasil uf the 
shear sane. 

Fll I.I) Rl.l-M IONS 

The Cross Creek batholith is characterized by very 
abundant inclusions of partly granitized gneus. or mig- 
matite. and by complex relatklM with bordering 
wailrocks. The inclusions of gneiss ranie in size from 
small fragments only inches across to many square 
miles. In some areas, as on the wo^t slope ot the Core 
Range just south of the northern boundary of the Min- 
turn quadrangle, the rock of the batholith is essentially 
a breccia of i:neiss fragments a few inches tn several 
feet in diameter in a matrix of granite. More typically, 
however, the inclusions are remnants of layers of 
biotite gneiss or migmatite that have been distended or 
engulfed and have been partly assimilated by the gran- 
ite. The gneiss bodies are generally but not everywhere 
elongate par.TlIel tn the (n'ri'mn in the pneiHs, and the 
primary foliation in the granite, though younger, is 
parallel to this same direction. Reaction between gran 
he and gneiss was extensive, and hence the contacts 
between the two rocks are commonly vague or com- 
pletely gradationat. In border areas of the batholith, 
lung tongues of gneiss showing theiM; features project 
into the granite, and. conversely, irregular but basically 
concordant bodies of the granite project iniu tlie ^nei-> 

Along or near many contacts between granite and 
gneiss are lenticular bodies of diorite ranging from a 
few feet to a few thousand feet in Irncth The diorile 
grades both into granite and into biotite gneiss or mig- 
matite. but some of it is at least slightly older than the 
granite, a.s it is cut hy the pran'te Moreovpr pneissic 
dionle occurs as inclasioitH in the granite, and in some 
of these the foliation is discordant with that in the 
granite, although diniensionally the itu lu^iDns parallel 
the foliation in the ^^ranite. In many places, granite, 
diorite. and migmatite are so closely intermixed and arc 
so gradational that only the pretkiminating type could 
be mapped at the scale used. 

Most areas of contact between Cross Creek Granite 



and migmaliie or diorite are characterized by abundant 
pegmatite and uflSllm. The pegmatite is of aeveral 
diiTerent agea, as aome predates the diorite, some post- 
dates the diorite but predates the granite, some is a 
facies of the granite, some seems to have replaced gran- 
ite, and some is tn sharply defmed dikes cutting the 
granite. In contrast, most aplite is in dikes that cut the 
t^i aiute although sMime is in irregular bodies that grade 
iniu the granite and seems to be a lextural facies of the 
same age as the granite. 

c:iiAR.\( i i:r 

In its most typical facies, the Cross Creek Granite is a 
medium- to coarse-grained irregularly porphyritie gray 

to pinkish gray slightly to markedly folinted quartz 
munzunitc. Departures from this norm are common, 
however. Appearance of the rack, and also the compoej* 
tion. varies with amount, color, and size of potassium 
feldspar (microcline) crystals, which are erratically dis- 
tributed. In aome of the rock the potassium feldspar is 
bright rose or salmon pink, and. if abundant, it gives 
the rock a pink east, but in other parts of the rock the 

potassium feldspar is lij^hl gray to white and in- 
conspicuous. Sume parts of the rock contain only vety 
little potassium feldpaar. in inconspicuous small grains 
(fig. 4AK whereas other parts are characterized by 
abundant coarse grains or crystals of the feldspar (fig. 
40). In some placee these crystals attain lengths of 2 in. 
* fi cm^ and ronntitule as murh as 50 percent of the rock. 
In places, the large pota.saium feldspar crystals are 
oriented so as to give a pronounced fluxion structure or 
grain to the rock. !>ur in other places they have random 
orientation. If oriented, the feldspar crystals may or 
may not ct)rrcspond in orientation to foliation and 
lineation defined by other minerals in the rock. 

Degree of foliation and lineation likewise ranges 
widely. Most of the rock is gneissic in some degree, but 
some i« essentially structurelesa. A complete lequenoe 
exists from structureless to strongly foliated, banded 
varieties that resemble, or grade into, coarse grained 
biotite gneiss. Coarse banding or streakiness generally 
characterixes the foliated varieties. The banding may 
he compositional or lextural or both. In some places it 
reflects only slight differences in biotite or feldspar con- 
tent between lasrers or streaks, but in others it is due to 
.streaks of dinrite, or to lon««p« or layers of partly 
assimilated, or granitized, migmatite or biolite gnci&a. 
In general, the granite is most strongly foliated in the 
vicinity of gneiss bodies and is only weakly foliated 
where uncontaminated by gneiss. 

In lithology and mode of occurrence, the Cross Creek 
Granite closely resembles the Boulder Creek Granite of 
the FVont Range (Lovering and Tweto. 1963, p. 8-16; 
Sims and Gable. 1967, p. E29-E35). 
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FIOUHB 4.— CroM Creek Granite A, Nonporphyntic gruiodiorite 
facie*; B, porphyritic granodiorile faciea. 

PnR(M;R.\mY andComwwiiion 

The predominant quartz monzonite facies of the 
Cross Creek Granite is composed of 35 50 percent 
oligoclase. 15-30 percent potassium feldspar, 20-30 
percent quartz, 8-15 percent biotite, and minor 
amounts of accessory minerals. The oligoclase, quartz, 
and biotite are in fairly constant ratio to each other in 
the various facies of the rock, but the proportion of 
potassium feldspar to these other minerals ranges 
widely. With decrease in the potassium feldspar, the 



rock grades toward granodiorit«, and with increase it 
grades toward true granite. 

Detailed study of the many different facies of the 
Cross Creek Granite has not been attempted. In table 2, 
results of chemical and modal analyses of a sample 
judged to be representative of the most common variety 
of the quartz monzonite are presented along with simi- 
lar data for quartz monzonite typical of the Boulder 
Creek Granite (or Granodiorite). Approximate modes 
as determined from polished slabs stained to identify 
the potassium feldspar are given in table 3, illustrating 
the variability of the rock even in single samples. 

The Cross Creek Granite typically has a hyp- 
automorphic -granular and seriate porphyritic texture. 
In general, the potassium feldspar crystals are the 
largest in the rock, although locally aggregates of 
quartz are larger. Exclusive of the potassium feldspar 
crystals, the grains have a maximum diameter of about 
8 mm, and an average of about 2 mm. Most thin sec- 
tions exhibit a rude gneissic structure due to weak 
preferred orientation of biotite and to some segregation 
of biotite in bands. In the more gneissic varieties, 
quartz and plagioclase grains are also elongated and 
crudely oriented. 

The potassium feldspar grains generally are in the 
form of prisms partly or wholly bounded by crystal 
faces. The crystals vary widely in size, and as brought 
out by staining, they may range in a given slab of rock 
from 2 mm to 5 cm in maximum dimension. Almost all 
the potassium feldspar shows the grid twinning of 
microcline, and many of the larger crystals can be seen 
in hand specimen to be Carlsbad twins. The microcline 
is slightly to markedly perthitic, having a content of 
albite lamellae that ranges from only a percent or two 
to as much as 25 percent. 

In many localities the potassium feldspar crystals 
show clear evidence of being younger than the other 
constituents of the rock. In outcrop, this is shown by the 
gradation of granite with abundant pink feldspar 
crystals into small pegmatite dikes and, in places by the 
orientation of the feldspar crystals athwart the gneissic 
structure m the rock. In thm section, the microcline 
shows evidence of having replaced other minerals, par- 
ticularly plagioclase and biotite, and it commonly con- 
tains inclusions of these and other minerals, including 
quartz, apatite, sphene, magnetite-ilmenite. and minor 
untwmned potassium feldspar. In some samples the 
plagioclase and biotite inclusions are altered, although 
the microcline is fresh. In some samples also, the inclu- 
sions show cataclastic effects, such as bent and frac- 
tured twinning lamellae in plagioclase or crumpled 
biotite leaves, even though the enclosing microcline is 
not deformed. Thus, the microcline crystals are more in 
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the nature of porphyroblasls than of phenocrysU, aa 
they seein to have grown in the rock after tlM OtlMr 
ooiiftituent« had crystallized, and after the stress en- 
vironment that produced foliation among the other con> 
stituents had changed or had disappeared. It is not 
known at this time, howevar, whether all the microcline 
in an the Grait Ckvek Grudie is paragenetically late 
like this or whether this is a feature only of the 
batliolithic bordar anas, which b«Mwn to be the ones 
QMMt atiidwdL 

The normal plagioclase of the Cross Cre«k Granite is 
otigodaae, which ranges in composition from Ana to 
A]i|g in diffisreiit apetiiwana. In aona sanplM that eon* 
tain late microcline. the oligoclate grains have narrow, 
sharply deHned outer rims that are more sodic and 
gMMrally less altered than the main grains. The 
plagioclase of the rims is mostly oligoclasc with a com- 
position of An,4 to Ant,, but locally it is albite with a 
eonpOBition of An, to An,o. Locelly. grain contacts be- 
tween microcline and oligoclase are marked by patches 
of antiperthitic intergrowths of microcline in oligoclase. 

Most quartz in the granite exhibits strong strain 
ahsidowi and ii aomewhal fractured. Some quarts was 
evidently intfodueed with the microdine, however, as 
some grains of the strained and fractured quartz are 
•orrounded by aggregates of finer grained, less 
defbrmed quarts. "Rie fine-grahied quarts alsiieoeiin in 
microscopic veinlets cutting early quarts Snd other 
minerals, including the late microcline. 

Bletite eif the granite is green brown where fresh, hut 
in most localitie«> i* *s altered and is green, or faded. It is 
accompanied by exaolved iron and titanium oxides. 

Asosssary niinerab of the granite are magnelite, il- 
menite, pwite, apatite, sphene, and zircon. The pyrite is 
present only locally, and the apatite and sphene are ir- 
regularly distributed, being relatively abundant in 
some thin ser-tions and absent in (iJhr^rsi, Muscovite is 
present in small amounts m most thm aections, occur- 
ring both as an alteration product of hiotite and in 
association with late quarts veinlets. 

All samples of the Cnm Creek Granite stttdied show 
cataclastic effects in some degree, and some samples 
shew at least two generatioas of cataclasis, one that 
preceded introduction of the large microcline crystals 

and one or more that followed. Evidence of the early 
cataclasis is shown by deformed inclusions of 
plagioclase, biotite, and apatite in undeformed 

microcline and by replacement relations of microcline 
against granulated aggregates of other minerals. 
Younger eatadasis is shown by mortar structure along 
the edges of the microcline crystals and, where defor- 
mation was severe, by jagged fracture zones zigzagging 
back and forth along cleavages in the microcline. Most 
of the alteration obssrved in inclusions in microcline 
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seems to be associated with such fractures; hence it is 
interpreted to be younger than the microcline rather 
than older. 

MKAIATITK 

The migmatite map unit includes several varieties of 
rocks intermediate between granite or diorite and 
biotite gneiss. One common variety is of the classical 
type, consisting of alternating thin layers of dark 
biotite-rich gneiss and light-colored granitic or peg- 
matitic material <fig. 5). The layers in this rock are 
generally less than 1 in. (2.5 cm.) thick, but the granite 
or pegmatitic layers swell in places into knots or lenses 
several mches to a few feet thick. The gneis.s layers are 
similar compositionally to biotite gneiss, consisting es- 
sentially of hiotite, quartz, and plagi(>cla.<fe but locally 
containing microcline. sillimanite, or garnet. In some 
places, as in the outcrops near the mouth of Homestake 
Creek at the south edge of the quadrangle, milky blue 
cordierite is a prominent constituent of the gneissic 
layers. The granitic layers consist essentially of quartz, 
microcline, and plagioclase but generally contain prom- 
inent muscovite. also. They are typically richer in 
quartz and iron oxides than most granite. Banded mig- 
matite occurs principally in the area west of the Eagle 
River between the mouth of Homestake Creek and Fall 
Creek and in the higher parts of the Gore Range. 

Another variety of migmatite consists of biotite 
gneiss which has been partly granitized by introduction 
of feldspars in grains or crystals 0.2-0.8 in. (0.5-2 cm) 
long, forming a prominently speckled rock that super- 
ficially resembles a coarse granite but which consists in 
large part of biotite gneiss. The introduced, or newly 
crystallized, feldspars in such rock are generally com- 
plex perthilic and myrmekitic intergrowths of different 
feldspars and quartz. Migmatite of this type occurs in 
many small bodies in both the Sawatch and Gore 
Ranges, either bordering granitic rock or isolated from 
it. 
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Figure S. — Migmatite in the Gore Range, showing typical mixture of 
biotite gnein (dark) and granitic materials (tightl, and streaking 
and crenulation resulting from rock flowage. 



Another variety of migmatite is intimately associated 
with, and grades into diorite. It consists of layers, 
laminae, and wisps of biotite gneiss separated by thin 
layers of diorite or embedded in larger bodies of diorite. 
Relations observed at the outcrop in many places sug- 
gest that the diorite in such occurrences formed in part 
by reaction with biotite gneiss (Tig. 6) and that the mig- 
matite of this occurrence is a mixture of modified gneiss 
with the diorite. Migmatite of this kind and associated 
diorite characterize the border of the Cross Creek 
batholith along Cross Creek at the quadrangle bound- 
ary and immediately southward, and it is also 
widespread along the border zones of banded migmatite 
bodies in the Gore Range. 



Table 3. — Approximaie modei ofCrou Ottk Granite at measurtd on ttamed polUhed slab* 6~ 10 

iquare inchtM m tue 

IDMvnninnl R r Prinan. I'.S r.piibiiprilSurvoyl 



Sanpto I s 



Sl.b A B C A H t; D A B C 



Quartz 30.2 26.3 29.4 29.7 25.6 25.8 30.0 29.6 23 9 26.1 

PnUMium feldspar . . 19.4 26 8 24.4 14 3 24.6 15..<S 15 9 27.9 25.9 27.8 

Plagioclase 391 37 7 36.4 41 0 37.3 42,6 40.6 34.0 38 2 36.6 

Biotite 9.8 8.8 8.8 14.3 11.8 15.1 12.5 7.4 11.3 9.2 

Accessory minerals . . I. ."5 .4 J O .7 .7 1.0 1.0 1.1 .7 .3 

ToUU 100.0 100-0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 



SAMPLE DESCRIPTIONS AND LOCAUTIES 
1. Pprpaymic quant nMnsaniU. clkfTa on iwt stifa of ranyoct of thm tm^ Rivar al GltanaM 

3. Purpfcyntic quaru iwinaaiuu. ba<«««n 9.450- and M<N)-fl milmjn la botlocn of vadaj* at Oraaa 0«ah. on amaihaMt al^ of 
rraak 

a. Porplijmtic quartl nMinsoniU. railroad cut on caM Mdt of canyon at tha KagU Rnvr. 3.100 R 1700 m> nonb of mouth of 
Rotk Craak 
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Still another variety of material mapped as mig- 
matite is coarsely interlayered igneous rock, such as 
granite, quartz monzonite, granodiorite, or diorite, and 
biotite gneiss or banded mignnatita. In such material, 
comparatively pure and praaumably intrusive igneous 
rock in generally concordant layers a ffw inches to 
many feet thick altematea with biotite gnaisa or 
baaiM migmatita in layan of aimilar thieknaas. 
Material of this kind is widespread in the Gore Range 
Where the gneiss fraction predominates, it was mapped 
M nigmatite, and whare tha ignaotia fractien pradomi- 

nates, it was mapped as granite or diorite. Thus, much 
of the rock mapped as Cross Creek Granite in this 
range differs only in degrae from tha migniatita unit. 

Finally, breccias of gneiss fragments in a f^ranite 
matrix in the Gore Range were mapped as migmatite 
where the fragments predomiodnala, and aa granita 
where the matrix predominates. 

mOMTE 

Several varietiea of diorite occur m cliist' ;ls^(>ciation 
with the Cross Gro^ Granite, but they have not been 
atodied in detafl. Moat of the variatiea are older than 
the Cross Creek, as they are cut by the granite or by 
pegmatites related to it, or occur as inclusions in the 
granite, or have been partly granitised by the granite. 
Some varieties seem to have crystallized at the same 
time as the granite, however, and at least one variety is 
younger than the granite. As a group, the diorites are 
thought to be closely related to the Cross Creek 
batholith in age and origin. The diorites occur in count 
leaa small bodies as well as in the scattered larger ones 
indicated on the map (pi. 1). Most of these bodies are 
concordant, poralMIng the foliation in bordering gneiss 
or granite, but crosscutting bodies of diorite are also 
found. Many diorite bodies are laced by dikes of diorite 
pegmatite consisting of andeaine, quartz, and biotite. 

The most abundant variety of diorite is dark gray, 
medium -grained, slightly gneissic, biotite-quartz 
(Sorite. Locally, thic rock oentains minor hornblende. 
Biotite quartz diorite is closely associated vnth mip 
matit«, especially near granite contacts, and as noted 
above, part of it formed by rectyataHiaatioD of biotite 
gneiss (fig. 6V The bulk of the dlorita, however, is 
beUeved to be magmatic and intrusive in origin. The 
diorite typically consists of 30-45 percent {dagioclase, 
which is andesine, An,,-^^. 20 33 percent biotite. 
16—30 percent quartz, and 2-5 percent magnetite-il- 
menite and other accetiory minerals. Where partly gra- 
nitiied, the diorite containa a few percent of potassium 
Mdapar, and more qnartx, less biotite, and a slightly 
more sodic plagioclase than the normal rock. Vrliere the 
a^oining rocks include amphibolite, the diorite 
generally contains hornblende, and where they include 




FiouRS 6. Qnriwic diorite dweisff stnietun iahsrited from 
•rigiasi mlgwisWei it sscara ia opysr naty Riisr sras. Oar* 



ealc>Bilieate rock, it contains aa much aa several per- 
cent of I'pidnte Where cut by granite pegmatites, the 
diorite is commonly recrystalUzed to a form rich in 
coarae biotite. 

Various gneissic diorites and diorite gneisses are 
similar in composition and occurrence to the diorite just 
deacribed. Th^ are believed to be Amdamentally tha 
same rock but were subjected to a magmatic or tectonic 
movement environment that induced a gneissic struc- 
ture . 

Hornblende and horn blende -biotite diorites occur 
principally in dikes or small pluglike bodies, although 
■ome are of the same occurrence as the biotite -quarts 
diorites just deacribed. Most of the hornblendic dioritas 
thus appear to be younger than the biotite-quartz 

diorites, but only rarely are they seen to cut Cross 
Creek Granite. Most of the hornblendic diorites lack 
foUatkm, though a few are markedly gneissic. fha 
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Ubradorite 'An^,/. aad qowU i» » HUBOr coosti- 
tuent or ii ab»«nt 

On th« whoi«, the suite of diontes accompanyiag the 
CroM Creek Granite is similar to — although more 
abundant than — the suite accompanying the Boulder 
( re*;k Granite of the Front Range 'Lovering and Tweto. 
1953; Hamam and WeOa. 1959; Smw and Gabla, 1967>. 

l>'fERIIE0HI<n'ORV 

From field relations and petrography, development of 
the Croaa Creek Granite bathobth is inferred to have 
begun with the intrtHMMi of •mall bodiet of diorite and 

the mn^mati/ation of prcfxistmK biotue gnei.ss in ad- 
vaiux of the rising batbolith of granitic rocks. The early 
dbnte r ea cted estenaively with the biotite gneiis, 
transforming some of tht- ^ei.ss into diorite and diorite 
nugmatite. Concurrently, other biotite gnei»8 was mig- 
nmtised and was riddled by early pegmatitea in advance 
of the main batholith Th«» hatholrth was pmplacfd as 
magma of a composition ranging from granadjoritt- to 
calde qtiaiti numaonite. Emplaoonent occurred under 
condition* that promoted extensive reaction between 
magma and wallrocks. causing extensive assimiluiiun 
and granitazation of gneiss as well as the formation of 
graaitO'gneisa mixture, here classed as migmatite. 
along with the earlier or banded migmatite. The biotite 
gneiss and migmatite wallrocks were plastic in this en- 
vironment, and th^ were deformed by and along with 
the granite of the tnvadtnir and moving batholith. 
resulting in parallel fohations and generally < (mcordant 
contacts. Minor diorite and abundant pegmatite 
developed within the batholith and its border sones, 
both during and following batholith emplacement. 

Movement of the batholith, or parts of it, continued 
as crystallizatian pvooeeded, resulting in local defonaa- 
tion of early minerals Finally, potassium essential to 
the formatiun oS iiiicnxluie, and accompanying sodium 
and silicon were mtroduced into the essentially consoli- 
dated rocks from deeper levels in tlie baiholith. 
Microcline crystals of porphyrobiaaiic habit, dodic nms 
of oUsoclase, and late quarts veinlets and rims formed 
as a result, transforming much of the primary grano- 
diorite and calcic quartz monzonite to a more alkalic 
quartz monzonite or, locally, to true granite. 

Petrographic relations would aUow an interpretation 
that the microcline is a product of some geologic event 
later than the emplacement and < rystallization of the 
Cross Creek batholith and that the rocks of the 
batholith were deformed and even altered in the in- 
terim. Field relations and i.sotopic dating indicate, 
however, that the microcline is related to the 
crystallisation histoiy of the batholith and that the 
present mierodlne-bearing rock is a product of a single 
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oontinuoas p r o c ess rather than of two processes separ- 
ated by a i^eolngirally apprifciaWe time inler%al The 
microcline i» reistncted to the granitic rocka of the 
bathoUth or to metasedimentary rocks immediately 
bordering granite, and hence it is most likely related to 
the batholith in origin. If it were related to tome other 
geologic event, such as the intrusion of a younger gran- 
tte at dqith. then it would not ha Kkaly ta be as exactly 
ooinddent in eccnrence with the batfialith but would 
extend either less or more widely. Similarly, if the 
nucrociinc were significaotly youngCT than the rest of 
the rock, then mi c n i din e-beafing fades should yield 
younger iwtnpic ages than other facies, but as dis- 
cussed in the following section, the greatest ages ob< 
tained thus far arean theporphyritie, mjaocijna4Mar' 
ingfaeiaa. 

AGE AND OCMUieUtTlON 

As indicated imvioudy. the Orass Cireek Granite 

resembles the Boulder Creek Granite ior Granodioritei 
of the Front Range both in composition and occurrence. 
Both granita units range in composition from grano* 
diorite to true granite, are characteri.stically ^^f^ei'-^ic, 
are generally concordant and syntectonic, have grada- 
tional contacts resulting from reaction with their 
gneissic wallroclu, and are accompanied by diorites 
that range in age from pregranite to poetgranite. These 
characteristics are those of the oldest (Precambrain X) 
of three gener^ age groups of granitca recognised in 
Colorado fTweto, 1964; Hutchinson and Hedge. 1967). 
The Cross Creek Granite is accordingly cla.stied on 
geologic grounds as a member of the old group and as 
an approximate— if not exact— correlative of the 
Boulder Creek Granite. 

Isotopic dating corroborates the geologic correlation. 
Age of the Boulder Creek Granite is estabUshod as 1.70 
b y fPeterman and other.s. 1968^ or 1.71 b.y. (Hutchin- 
son and Hedge, 1967). Age of the Cross Creek Granite, 
on the basis of a recently determined six-point 
rubidium -strontium isochron. is firmly established as 
1.71 by. (C. E. Hedge, written commun., 1974). The 
samples used to establish this isochron came from the 
Cross Creek and Grouse Creek drainages just west of 
the Mintum quadrangle. Some samples from Cross 
Creek valley within the Mintum quadrangle and from 
the Gore Range in the Diiion quadrangle, analyzed 
earlier by Hedge (written commun.. 1968) also yielded 
age.s of about 17 b y Other samples, however, gave 
younger ages, as did samples dated by the potassium- 
argon method (Pearson and others, 1966, p. 1116). lite 
younger ages probably reflect heating and consequent 
migration of elements in local areas during the second 
episode of granitic intnwkm in OoloradOb 1 J6-1.4S li.y. 
ago. Granitea of this age, whteh indude the Slwr 
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PhmM Qnnito of th« Fhmt Range, the St. Kevin Gran- 
ite of the Sawatch Range, and many others, have not 
been obeerred in the Minturn quadrangle but occur as 
podifbrmtfikaa in CraeeCraek Granite JtMt east of the 
qoadnn^, woth of Qoiv Oreek. 

CAMBRIAN SYSTEM 

Rocka of Cambrian a^ in the Minturn quadrangle 
and surrounding region are assigned to two formations, 
the Sawatch Quaitiite and the PMrleu Formation, 
both of Late CanbHan age. The Sawatch Quaiitite 

rests Ailh profound unconformity upt)n a virtually 
planar surface cut over Precambrian rocka of various 
kinds. eontsct betwen the 4|uutiite snd the pre- 
dominantly dolomitic rocks nf the Peerless Formation is 
gradational in most places but kxally is sharply 
defined. Both onfli wwe mchided ni the Sawatch 
Quartzite as oripnally defined by Eldridge (1894) in the 
Crested Butte area, on the western aide of the Sawatch 
Bange. In the LaadvUle area, where these atrata were 
Ba rK e r known as "Lower Quartzite" or "Cambrian 
quartzite," the part nowadays comprising the Peerless 
was commonly distinguished as "transition shale" or 
"Red-cast beds" (Emmons, 1886, p. S8-60). These in- 
formal terms were supplanted in 1932 when Behre 
(1932) assigned the reddish dolomitic strata to the 
Peerieaa Shala Member of the Sawatch Quartzite. 
BeeauM the term "ihale" ii a miaaofoer as applied to 
tiie Peerless in most places and because the unit is 
readily mappable over a wide area, it has been daaeed 
aa tha FMrlaw Ftarmathm ikM« 1M7 (Shiflewahl, 
1947). 

SAWATCH QtiAHTZfTE 

The Sawatch Quartzite consists of about 200 ft 160 m) 
of nearly uniform medium- to thick-bedded light-col- 
ored quartzite. The quartzite is perhaps the most resis- 
tant rock in the quadrangle, and it generally forms 
difb or ledges wherever exposed. On the dip slopes, 
however, it breaks down to sharply angular fragments 
or bkcks and ia poorly exposed The quartxtte is well 
diaplayad fai Uie waUs of Eagle Canyon where it forms 
nearly vertical cliffs rising abruptly above somewhat 
gentler cliffy 8k)pea of Procambhan rocks (fig. 3). It is 
e« peaod alio in the walla of canyon* soothwest of the 

Eagle River, though it is partly buried by talus along 
most of these canyons. It is not seen northeast of the 
oanjon of the Ba#o Rivar, eieept in a few narrow fault 

dices along the Gore fault, the largest of which is on I he 
■OUthem spur of Bald Mounum, west of Booth Creek 
(fig. 25). 

The surface of Precambrian rocks on which the 
quartzite rests seems to be planar wherever exposed m 
Uia Minturn iiaadrangla (fig. 7), but only a mile or two 



south of the quadran^e, in the area of the Homestake 

shear zone, the surface has a relief of as much as 50 ft 
(15 m> (Tweto, 1949, p. 160; Tweto and Suns, 1963, p. 
lOOB). In most places the Pteeambrian rocks beneath 

the quartzite are weathered and are soft and crintihly tO 
depths of a few inches to a few feet, but in some placea 
thay are freah. Where hedding-plaue movement hai oe> 

curred at the base of the quartzite, the soft, altered Pre- 
cambrian rock is deformed into ridges or mounds as 
much aa 6 ft (1.5 m) high, giving a daoepthw ap- 
pearance of relief in the depositiona! surface 

Basal beds of the Sawatch Quartzite are generally 
somewhat coarser grained than the remainder of the 
quartzite, and locally they contain lenses of quarts 
granule conglomerate a few inches thick. The granules 
in such conglomerate are typically '/»-'/« in. (3-6 mm) 
in diameter and are weU rounded; thiigr conaiat of quarts 
of various colort, white predominating. In moat ptacee 
the basal 10 30 ft (3 9 m) of the quartzite is gray, 
innk, or light tan, but in some places this part is white 
like the remainder of the formation. 

The main body of the Sawatch is predominantly 
vitreous white quartzite made up of well -sorted rounded 
and lubrounded medium-sand quarts grain*. Ahmg tha 
canyon of the Eagle River, the zone l)etween 7.S and 160 
feet (23 and 48 m) above the base of the quartzite con- 
taina icattarad lenses of brown weathering dokmitie 

sandstone or sandy dolomite. This feature was not 
noted elsewhere in the quadrtingle or a^joming areas. 




FlctrKr. 7 Sawatch (^artiitt- ilM-d<J<'<i riM-k i rfKlusK ui'im m jirly 
planar surface cut over Pr*cumhn«n rTMk» nl Ihl^m- •■( photo 
graph). Koadcut on VS. Hishway 24, 600 fl ( 180 m) northwest of 
Ufh hrUia Mar Rad OUT. 
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thou^ it existB also in Glenwood Canyon. 40 mi (65 

km'i to thp wpst 'Bass and Northrop, 1963. p .14 J7i A 
few green shaly partings occur oo bedding planes m the 
quartzite sequence, and, near Gilman, a shaly 
sandstone hed 4 - f5 ft f 1 2-2.0 m) thick about 70 ft '21 
mi above the butie ui ihe quartzite serves as a u$«ful 
atratigraphic marker. The upfwr 90-40 ft (9-12 m) of 
the quartzite is very vitreous and brittle and has a 
crackled appearance in outcrop. This quartzite is white 
in the Eagle Canyon area, but more commonly in the 
region it is pink, perticularty in the ivpannosl part. In 
the Gflman area, the upper vitreous quavtrite contains 
brecciated and mineralized bed.s tliat are known locally 
as the Rocliy Point zone. One or more of th^e beds, 
each 1- 4 ft (0,3-1.2 m) thick may be present in any 
part of the upper vitreous quartzite, but in most places 
they are in the upper middle part, 10-20 ft (3-6 mi 
behm the top of the Sawateh Qnaftsite. Tlie cpiartKite of 
the Rocky Point zone is stained yellow by the oxidation 
products of pyrite and forms a conspicuous color band 
near the top of the quartsite cBffii. 

As seen in thin sections, quartzite of the Sawatch is 
somewhat variable; the sand grains in most beds are 
well sorted and rounded, but in some beds they are 
poorly sorted and are subrounded to subangular. The 
graiiM range from 02 to 1.3 mm in diameter, though in 
most of the rock they are 0.25-0.5 mm. In aonie sam- 
ple.s, the ..^and (grains are in a matrix of very small (0.05 
mm) angular quartz fragments that resemble a 
microhrecda. Many of the larger quartz grains contain 
inclusions of tourmaline, sillimanite. or ratile, and they 
commonly show strain shadows and lines of fluid 
indusione. Accessory detrital minerals are not abun* 
dant hut include mu>cnvite. biotite, chert, potassium 
feldspar, sphene. green tourmaline, and zircon. The 
tourmaline is especially consistent and is seen in all 
sections of the quartzitea. Feldspar is present only in 
the uppermust quartzite beds, and it is abundant in 
sandstone of the overlying Peerless Formation. The 
feldspar grains generally arc fresh and most of them 
are microcline, though some utilwmned potassium 
feldspar is preaant also. 

The Sawatch Quartzite is 190 220 ft 1.58 (17 m; 
thick in the canyon area of the Eagle River, and it has a 
similar thickness of about 200 ft (00 m) at the northern 
end of the Sawatch RanRD to the wi-.t at the I2,0O0-ft 
contour west of the head of West Grouse Creek. The 
quartsite thins to the northeast and to the south of the 
canyon area In the fault slice on Bald Mountain, it t un 
sists of about iOO ft 130 m) ot wiuic quaiuite and 
relatively coarse quartzite conglomerate lying on Pre- 
cambrian rocks and overlain h>' red hematitic 
mudstone ot the Peerless Formation. Near Pando, 5 mi 
(8 km) south of Red CUfT, the quartsite thins to about 
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1 20 ft (87 m> upon crowing the Hboieslake shear sone 

and then thin.s gradually southward to about 100 ft (30 
m) in the Leadville area (Tweto and Sims, 1963, p. 
1008). 

The character of the Sawatch Quartzite to slwwll in 
the following atratigraphic section which was measured 
as a standard of reference for studies in the mine work* 
ings. 
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Sawauh <)uaftsiU: 

Top of Ibfrnalim .. 
3a> ()usitiit«,iip|iitt,viln0iii.i 

Mdsd 

SI. Sradjrqusrtsitcwliitctogray. 

medium- lothin bedded, fine, 
grained, locally alightly glauconitic, 
weather* conapicuou> iK'lii-ri>u« 
brown Rocky Point tntu' (if (liiroan 

3 1 ^uartiile. white, fine-drained, vitreous, 
medium -bedded .... 

30. IMiimite.tM.iMdium-grauMdt0 
eoMwljr cryatsiUa*, nHigb 
waathafuii 

tt. Owuito, white widi mmm pink bauds, 
medium to rine grained. vitreoM^ 
locally slightly dolomitic; becoOM 
dolomitic and Tv<i toward base. Wavy 
contact *Tth unit below 

SB. Dolomitic 5hal('. nranifr rt'd with 

purplo hlutchrti. finvlysandy and 
micRC(.'<.<U!>. thir. to medium-baddsd. 
Wavy contact with unit batow 

2T. <)iiaiftsit«.Iiglit-srsy,aMdittm.iraliMd, 
aMtitaw;isdolaniiUe sndpiak asar 
iMss sad gradta OB strike late 
^fjilfflU^^ ......................... 

26. Quartxita. madium baddad 

25. Dolomite, tan pink 

24. Quarttite.white. vitreous, medium- to 
thick.bedded — ...... 

23. IX>l«mitic mndnttJiiK and quartzite in 
thin l>etls i roanbeddinK weather* in 
rehef Dolomitic luindiitone \s buff to 
pink: quartzite in white 

22. Shale and dolomite in sltemsUngtbin 
beda. pur{>liah-pink;fgfnw skalf 
•lonccUlf 

21. QuwtntesMldokiiiiiltei 
gny aai pink, tUS'liMldsd 

20 QuartiitJcMndsbms, white, 

Kr«in*d, eugary, mamive 

19. Quartzitic Mndiitone, white, medjum- 
grained, augary. and mterbedded 
brown, medium grained. tuiH Mindy 
dolomite 

16. QiMruiteaandtione.wlute. medium- 
grained, saiifT. I 
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Sawmtch i^uartxit* — Caotinuad 
17. 



sandy doiomite in ihort lenaM 2 in. to 

3 (t thick which become leu 
abuntlant dow n A i l CJuartzitalMlll 
•re 1 -5 ft thick' quanzite is 
arKillucecuK ne«r baaeof unit, and at 
1$ ft aUm! baae, contain* T in. 

ifealybed 

16. limy and ahaty »andJtona. thin- and 
bngulaur-baddad; weathan darii 




<2.1 



Ta.i 



tatthiM. MteMMOt at baw. WUM 

alum efnon-sccncf on outcrop. Unit 
i» bound«i above and b«k>w by bed- 
ding-plan*- vlipD 0wO 

16. Sandstone, light gray, mpdium- 
grained; mottled with dark shall 
fragments of marticulat* 
brachiop<)dii; is thmtoddadMd 
imgularbaddad 1.6 

14. Qnanili«.li|lit-Mii.«itnoiii.niaditaB- 
biddad. WcMlMnd iurftea it 
■wfcad Igr tUa hofiMota] pita >/•-•/« 
in. long lA 

13. Quartziticsandttonc, light-tan-gray, 
knobby-weathcrvd. Contains 
abundant tmall brachiopod* 
t [kcflUimus and shall Ikiflmnla 
on weatii«r«d surface 1.0 

12. Quartzite.light 'gray to light-tan, 
vitiaous, medium - to fine-frainad, 
thni'-tomedium'l 
•iparatadlqrthiiii 
pntiiiCB with knobby or lantknlar 
ftncture. At bate of unit ia 64ii. bad 
of eoarae-grained, light -gray, 
quartzitic sandstone with abundant 
fossil fragments, chiefly bradnopoda 6-0 

11. Sandy quartz 1 1<>. 1 1 i^t^y.Aiw- 

grained, niasnivp 3J 

10. Shaly naiidatone. li|{ht bluish Kray. 
very thin bedded, finely micaceoua; 
•li^Uy pink oo ipaatbarad auHbcca . jS 
Qaaniita,«lMU,Badi»i-to(iiit' 

graiBadigritQr IjO 

9. Obwtrad 1.0 

T. Qaartaiia. iHiita, iw ad h wi- to caawa- 
gnincd. maMiva- to nafium-baddad: 
clay speckled (arkosic?): weathera 
mottled tan. Thin le r f n i e 
conglomerate with tiim aJiiily layer 

aboreitatTin from top lfii,B 

6. Sandstone, gray-wlMte, finely 

conglomeratic, qtiartzitic 3-3 

S. Quartsite, white, massive; lower 3 in. 
ttaon^y sheared: beddinf -pllllie (lipa 
abow and bakiw unit 2.0 



«7.1 



64.0 



62.2 



S62 
52.9 

08.3 

51.3 
60.3 



34J 

30.5 



Sataatch Quartute — CratimMd 

4. QllMtdtt,«iiftt,VltTCMt.aMliW. 

mdluin^niiMd. 4-iiL ahaly aant at 
bue af iataml: almof ahaar dip 6 ft 

abovebase M MA 

3. Qxiartiite, white, gntty, coar»e- 

ifraini-tl hdi. thin siindy psrtings . , ., 7.6 1741 

2. Saiid> i|UHrt,'ii<-. wliitt- in pink, 

medium lu 1 iJiir^x- (vTBLiu'ij. maasive; 

weatheri with v<;riiLal tubular holes 

from '-/i to 2'i' in. long 1:0 16.0 

1. Conglomeratic and quartzitic 

•andatone. light -gray, coarse- 

iraiiiad. medium- to tbin-baddad. 

Wavy baaal contact 160 0 

Total measured thickneaaof 
Sawatch Quartzite ........ 210.S 

FiaeaabitaB cnnltc 

Tap 6 in. to 3 ft ia aoft, altevad, and abeared. 

As indicated in th« preceding etratigraphic aeetion, 

fossil fragments are abundant in certain beds in the 
lower half of the Sawatch Quartztte. but fuj^ilti that are 
complete enough to identify are rare. The only foasiJs 
identiru'd fnini the Sawatch Quartzitr in tht- Minturn 
qiiadranglc are liny inarticulate brachiopods assigned 
to the upper Cambrian ^,'Hnu.s Dicellomus hy Dr. W. C. 
Beli of the University of Texas (oral comnmn., 1941). 
These foaails are from unit 13 of the preceding 
stratigraphic section. Better preserved and more abun- 
dant brachiopoda from about the same level in the 
Sawatch in the Pando area, a few miles south or Red 

Cliff, also were identified by Bell as Dicellomns sp. 
(Tweto, 1949, p. 159). Later, as quoted by Berg and Ross 
(19S9. p. 107), Bell reported brachiopods in the Sawatch 
(presumably in the collections discussed here) to be 
"Dicellomus of the pecttnoides and nanus types, both 
'lower' Dresbachian." These determinations by Ben 

represent almost the only reliable information nn 
foissils from the Sawatch. Trilobites are mentioned in 
the early literature, but they seem to have come mainly 
from the strata now assigned to the Pecrlcs-! Formation 
(Johnson, iaJ4, p. 20' Trilobite fragmenlB can be dis- 
tinguished among the fossil fragments in the quartzite 
of the Gilman and Pando areas, but most of the frag' 
ments are of brachiopods. 

The quartz sand that later became the Sawatch 
QuarUite has been widely reoognized to have been 
formed as the Late Cambrian sea gradually 

tran.s>iressi?d over a surface of very low relief cut in the 
Precambrian rocks. The rocks at this surface were 
weathered, and the quartz residue from them was an 

abundant .source of quartz sand This sand probably 
was in part derived by direct wave action on the 
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WMthered rocks and was in part brooflitto the aea by 
streams (mm land that lay to the east, as reffinnni rela- 
tions indicate that the traosgression was generally 
Mrtward (Lochman-Balk, 1956. p. 565-674), and 
pab wcuii w i t imtt indicate westward trsn^ort of the 
■and OB tlwMa bottom (Seeland, 1968). The occurrence 
of fresh detrital microcline and biotite in the uppermost 
beds of the Sawatch indicatfls that Iqr thAt time itnaim 
■uwewltere had rta a nA the weathered mantle and 
were eroding fresh Precambrian rock. Whether this 
fresh rock was latmr oovwred by Sawatcb sediments or 
remahied an island is not known, because the Sajratch 
has been rernoved by erosion from so much area since 
its depoettton. However, the rapid thinning the 
Sawatch batuMii tha Bml* Rivw and Bdd MottBtain 

and the relatively coarse conplomprnte in the Rawntch 
at Bald Mountam suggest that land, or an island, may 
have lain somewlMra in tha vicinity of the preaeot Gore 
Baaga. 

PBUnSPOUiATION 

Tha FMflaas Vormatloii coaaiato of 65-70 ft 

(2f) 21 ml of highly varied httt predominantly dolomitic 
rocks. In moat places the lower 20-30 ft (6-9 m) of the 
ftotleaa ia a sandy dolomite or dolomitic sandstone 
which commonly is glauconitic and locally i? ferruginous 
or chUmtic. This dolomite or sandstone has a alabby ap- 
paaranwt in outcrop even though individual beds are as 
murh R<« 3 ft f 1 ml thick, and it weathers dark brown to 
dark maroon; thus, it contrasts markedly with the un- 
dsHying while quarttite of the Sa watch. Thin beds of 
white or pink quartiite in the lower 5-10 ft (1.5-3 m) 
of the dolomite or sandstone make the contact with the 
Sawatcb a gradational one in many places. 

Abundant iron-bearing matarial charactarises the 
lower part of ttio Psorbsa. The sandttonae locally con- 
fain red earthy hematite, either in thin beds or as a 
matrix of the clastic grains. Some of the hematite ap- 
pears ooBtic, but generally the "oolitaa" are quartz 
grainR hoav Iv o l ati d with hematite In places the 
eandstones contain lenses that are as much as 50 per- 
eeal glaaoaaite, and in oCber plaeee they contain aban- 

dant bright grefn iror rirh chlorite, which 
petrographically appears tu be authigenic rather than 
detrital. DoloBilta badeof all the nerless, but especially 
of the lower part, commonly contain thin limonitic 
laminae generally accompanied by sand f^rams or 
MgiDaoeoaa matter, that waathar in rehef, givmg the 
rock a wavy laminated appearance. Locally, minute 
limonitic veinlets form a reticulate network in the 
dolomite. Bri|^t-red hematitic mudHione is also com- 
mon in the Poerieet; near tha Gore fault on Bald Moun- 



Uin, the Peerless is 20 ft (d m> tUek aad ooaalato en- 
tirely of the red mudstone. . 

The middle part of the Peerless consists of tan. buff, 
maroon, and pale-green thin -bedded sandy dobmite^ 
dolomitic shale, dolomite, mudstone, and minor 
micaceooB shale. This unit is soft and nonresistant, and 
it generally weathers to covered ak>pes. The upper part 
of the formation is somewhat thicker bedded than tha 
middle part, and ft is abo more purely dofanilic, though 
it liVe hH ill! Pet riesH differs in lithology from place to 
place. On the dip siopes west of Gilman mad along Croas 
Ciaek, the upper 40 ft (IS a>> of tha FMrlm te pure 
dolomito whiek ia thin bedded, buff, and ooaiaBlsr 
crystalline. 

The dcdonitie roeke or«he Peerleae are duoaclariaed 

by color mottlinp and hv ^p,&t variety in sedimpntfiry 
struaures. Bedding pianes are wavy, and many are 
coated with mud or mica or are spotted with mad lumpe. 
Fucoidal markin^^ and worm trails are common on the 
bedding planes. Ripple marks are conspicuous, and 
many thin bads have mad cradts Tilled with material 
that contrasts in color or composition with the rest of 
the rock. Many thin beds of the dok>mite are flat-pebble 
or edgewise conglomerate that consists of sUghtly 
sbraded pebhlaa of maroon or purple dolomite in a buff 
crystalline dohmnte matrix. Chips of maroon day, 
mudstone, or micaceous shale are also scattered 
through some of the conglomerates. Other beds are 
mottled buff and porple, but pebblee cannot be dis- 
tinguished in them. Some such beds also have various 
unidentified small curly color markings, as well as con- 
eentrie atrocturee that may be either eoneretienaiTor 
algal, or both Many of the markings of various kinds 
are maroon, as are some beds of the dolomite, and 
hence the term "Red-cast beds** was once applied to 
these rocks. As a unit, however th<» part of f hp P«M>rle88 
above the dark lower beds is mainly buff, though it is 
spkitdiad or ia atraekad mamon and pato green in 
placca. 

As saan in thin seetiaa, the landbr dolomiteo and 

dolomitic sandstones of the Peerless consist largely of 
dolomite, quartz, and feldspars in various proportions, 
though ^ueonite and chbrite are also abundant con- 
atituents of .^ome .samples. The feldspar prnins include 
both microcline and sodic plagioclase, which generally 
are fresh or only slightly altered. Chlorite, in small ir- 
regular flakes and sparse larger, rounded flakes, is 
most abundant in the arkosic varieties of the rocks. 
Glauoonite is in rounded grains that are among the 
coarsest in the rocks. Ck>mmon accessory minerals are 
muscovite, zircon, and tourmaline; hematite or limonite 
coats many of the clastic grains. The quartz and 
feldspar graina are eubrounded to subangular aad well- 
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flOfted. They range in maximum sise from 0.2 mm in 

some beds to 0 5 mm in others. In some of the dolomitic 
sandatonfs t)ie dolomite is concentrated in discrete 
microlenses or pockets in an otherwise quartzitic rock, 
whereas in other sandstones the dolomite is a matrix or 
cement for the clastic grains. In the sandy dok)mite, the 
claitic grains are less well sorted than in the 
aandatoBta. and they are scattered unevenly through 
the dolotnite. 

Character of the Peerless in the vicinity of Gilman is 
shown by the following stratigraphic section. As may be 
Men by compariaon with sectioni meaaured 1.6 and 2.0 

mi (2 6 and 3.2 km) south of Red Cliff (Tweto, 1949, p. 
164-166), the Peerless dilTers markedly from place to 
place. 

«ud Blonif rkiLnMll ftl BortJb m4 r*n*^ <ir Lha Y.m^ SMV.bitfHkS 



Harding Sandntone: 
Suidy quartiute and arluMic aaiulatonQ, 
whit*, medium- to fini) 0 amitws, 
•lightly croMbeddad. 
PMrl«M Formation: 

rDporCtimatign 

18. nstiNlUil*dal0mit«con^mer«U, 

ad 

lesalalasfailiBgBof 

purple GongloBMratlc ihala 

14, Flat-pebble dolomiu cunglomarata, 
mottled purpliah-piak nod light- 
green, thin-bedded; contain* partings 
of fiBsilc greeniah-xray togreeniah- 

bulT micact-ouj) dolomitic »h»le 

13. Shaiy dolomite, mottled green and 
gray-bufT, thin-b«dded; i 
with Has aflicaoasiidflwOB 

IS. 

fisj^ tfato'bsddsd 

11. Flat-pebble dolomite coaglooMnitl^ 
Ugfat-bufT. th<n-b«dd«d; fradea 

downward iM' kn-i'-i s'ld pi-irp'le- 

pink fiaaik, itandy »hale 

10. OaifNad 

t. Flat [Hibhlf- dolomilc corn<lomerat«, 
inottl«d purple and tan, mediom- 

bedded, bufT-weatbering 

8. Shale, fi«ii«,grMBiah-gia)r, fine- 
graiaad 

7. 

■Mdiuni-totUa-l 
wwtkafing . 

t, Dolomitic (hale, lighi-Un, thin-l 
B, FTfil pebble dolomite conglomerate, 
tight tnn with local purple mottling; 
Contnin<i ahale rraKm>^"t4 1 

laminae of green rfuJc 



14 IT.« 
IjO 



1.2 
8j0 

lil 
14 



54.8 



403 
4S4 



14 4M 

IjO 444 

1.0 43.3 




P eerleae Formation — Continued 

4. Pitowto.g'iiiHah- to li#»t-tan, flat- 

Mtiiinlanrftii 



lima«itie argillaceoua ridgea; 4-iii. 
gjaueonitie ahale bed in middle and 

2-in. bedat b«M 

Sandy dolomite, light ifray, coaraely 
cryitalline. medium bedded, baa 
coarae gra«D glaucomttc grainj and 
eoarae quarts aand. WMthera Un , 
with quart* graina and argiUaceoua 
ridgea in relief, 0vi&g rough aurfac*. 



«4 



404 




114 



•4 



S. gaudy dolomite, pink, maaiive, brown- 
weatberiim medium -cryttaUine: h»« 

thin coarsely tn's'.aJinc banaB 
Weathers rough, wiih c'jnrH<' cnn'^aU 
and Band in relief Gradi'" dnwriward 
into pmk dolomitic croaabedded 



■4 



1. 8andBtan«,«tute,fixke-grained,chalky- 
loc^ng; IMS tWa Ma of pink aandy 
4nlMnlM at toj^; : 



ODuiormabU eootactwlih 
imderlytng quartxite 

Total meajured thicksMScf 
tWIaaa Fbnaatlaa 
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Fooails found sparingly in the Peerteas Formation at 
varioua loeatitiea in central Colorado eetablish the fbr- 

mation mid.:ile L;it(> Cambrinr. iFranrnnian Stage) in 
age. We found no fosstU withm the qtiadrangle, but 
Gravrford and OHwrn (1926, p. SS) raported iShm Upfwr 
Cambrian trilobite Saukia pepinensis and Resser (1942, 
p. 66) reported the trilobites ElUpsocephaloides hutleri 
and BrL<tana in material from "near Gilman" acquired 
by C. D Walcott prior to the mid 1920's The trilobites 
reported by Resser are indicative of Ihe Franconian 
Stage, as are others (Ptychaapia, Idahcia) reported faf 
Berg and Ross (1959) from the Manitou Park area near 
Colorado Springs. A trilobite from a bed 44 ft (13 m) 
above the base of the Peerless in the Holy Cross quad- 
rangle, 1.6 mi (2.6 km) aouthof RedGhff was identified 
by Josiah Bridge of Ae V.S. Geological Survey (written 

commtin.. 1960) as Pterocephalia cf P sanctisahae 
Roemer? and aa "characteristic of the Elvinta-Cam- 
araapis »me of the FVanoonian Stage." Braehiopoda 

from t!ic same locality were identified by W. C Bell 
(reported in the Bridge communication) as Obolua 
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maeschae Lochman, "characteriatic of the Cedaria and 
Crepicephalu* SODM of U10 9axly Late Cambrian 
(DrariMdiian itage)." lAier, how »v »r. brachiopcxls 
from this same collectkm were reported by Berg and 
Ross (1959, p. 107) to bav* been tentatively identifled 
bgr BeU as "Dk^temtufti. ma&aieatt^bm Commphtam 
or an unnamed species from the Ctdaria z nr <The 
Conag^ lone is in the Franoonian Stage, above the 
Atmus-GBfiMra^ioiia and haiow the Briaeoia Moe). 

These data on the age of the Peerless are si^ificant 
in the evaluation of the unconformity at the top of the 
Peerless. In the Oilman area, the Peerless is overlain 
unconformably by the Middle Ordovician Harding 
Sandatone, and an Bald Moontain and locally in tbe 
tando area flSieto, 1949, p. IftS) it w overlain by the 
Upper Devonian Parting Formation. In most of the 
Sawatcfa Range regitm, however, it is overlain by the 
Lower Ordovidan Maniton Dohmiite (Johnson. 1944). 
At nicnwood Canyon, 40 mi Ti^ km' west of Mmtum. 
additional Cambrian strata intervene between the 
F B ari aai and the llanitoo. Baas and Noitfarop (1963; 
1963) dj\ndr-d the s'ratn r>f Cambrian age at Glenwood 
Canyon into two turmatiuns, the Sawatch Quartzite, 
517 ft (156 m) tiiick, and the predominantly dotomitic 
Dotsero Formation, about 1 w ft ( 30 m > thick. Although 
a well-defined unit with lithologj- characteristic of the 
Ftoerless is present in the area (observation by Tweto 1 , 
Bass and Northrop did not distinguish it as Peerless 
because it is overlain by about 150 ft (45 m) of 
quartzites typical of the Sawatch. They, therefore, 
fdacad thaae quartsttas and tbe 09 ft (21 m) of under- 
tying FMrlesa equivalent finiit lOof Sawatch Qoartsite 
stratigraphic section; Bass and Northrop, 196.3, p. 6) m 
the Sawatch Quartzite, which accounts for the 
relatively gnat tfaieknaea of 617 ft (158 m> reported for 
this unit, ,ri= rontrasled with the 220 ft (67 rr! at Gil- 
man. The carbonate rocks containing Upper Cambrian 
fbaaib above tiio qoartaite were aaaigned by Baaa and 
Northrop (1953) tn the Dntaero Formation aaradalbied 

from the original u.^ ' • !^ iR.selt il939). 

Since the redefinition of the Dotsero, it has been a 
emnmon pmNtke to oorrelate the Dotaero and Peerleaa 

(for example, Berg, 1960; Stevens, 1961), but this is in 
error as indicated not only by the presence of a unit 
with typical Peerless Uthology and thickness within the 
Sawatch as applied by Bass and Northrop, but also 
paleontologically. The Dotsero is characterized by 
fossils of late Late Cambrian age (Trempealeauan 
Stage) as determined by A. R. Palmer (Bass and North- 
rop, 19S3, p. 8%), whereas the Peerless is older, of the 
Pranconian — and possibly even Dresbachian — Stage, 
aa diacuaaed above. This difierence in age and the prea- 
«nea of 350 ft (75 m) of Cambrian atrata batwoon the 



Peerless equivalent and the Manitou in Glenwood Can- 
yon Strongly suggest that in areas where the Manitou 
Ilea on tiie Peerleaa some Cambrian strata were 

removed by erosion before deposition of the Manit oa 
Such an eroeional break between the Upper Cambnan 
and Lower Ordovidan was noted by- Berg and Roaa 
ri959) in the Colorado Springs area and as a geMnl 
feature in Colorado by Tweto (1968a. p. 561). 

It ia thus likdy that in the Mintom quadrangle some 
part of the Poorlr'?" -is wcW as formerly overlying 
Cambrian strau were removed by erosion pnor to 
Early Ordovician time and that an additional part of 
the Peerless may have been removed by erosion in pre- 
Middle Ordovician time, when the Manitou Dolomite 
was eroded from the area, aa diacuaaed halow. Some of 
the eroded Cambrian rocks presumably were carbonate 
rocks similar to those of the Dotsero Formation. 

The central (Colorado Upper Cambrian aequanoe of 
the Sawatch Quartztte, Pearieaa Fbrmation, and Dot- 
sero Fbrmation or equivalent io remarkably similar to 
the Middle Cambrian sequence of the Grand Canyon, 
described in detail by McKee (1946). Like the Bright 
Angel Shale of the <}rand (^yon. the Peerleaa displaya 
a very extensivr r: mhination oflithic types that indi- 
cate shallow-water deposition, rapidly changing en- 
vironments of dofioaition. diaturbed and noncontinuouo 
deposition, and repeated regressive transgressive shifts 
within the broadly transgressive sequence. The abun- 
dant flat-pri^e conglomerates of the Peerless indicate 
repeatedly agitated waters and breaks in tedimenta- 
tion, especially as they include fragile chips of clay or 
eoane mica shale that can only have been torn by wind 
or waves from other Peeriess sediments nearby. These 
chips, and also mudcraeks, suggest repeated exposure 
to the air, as on mudflats. In combination, features, 
such as the shale chips, glauoonite, hppie marks, fucoid 
markings, the conglomerates, and irregular bedding 
planes, sugge.sl deposition in .shallow water. The abun- 
dance of iron, as expressed by hematite, limonite, 
glauoonite. and authigenic chlorite, augigsota slow 
deposition under conditions of restricted irculation 
and high salinity, and the variety of iron minerals «ug- 
geats eban^g eonditlona within thia Aramework 
(James, 1966) Color mottling in thp nonconglomeratic 
dolomites also suggests these conditions (McKee, 1945, 
p. 76-77). 

ORDOVICIAN SYSTEM 

In central Colorado the Ordovician System comprises 
three formations — the Manitou Dolomite, Harding 
Sandstone, and Fremont Limestone. These formations, 
of Early, Middle, and Late Ordovician ages, respec- 
tively, are separated one from the other and firam poet" 
Ordovidan rocks by unoonformitiaa that repreawkt 
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widespread erosion after deposition of each unit (Lover- 
ing and Johnson, 1933; Johnson 1944; Sweet, ld&4). As 
a result, the three formatione are inreaervcd only in 
remnanU of their orij^inal extent Of these remnants, 
the Manitou is by far the most extensive and the Hard- 
ing and FVemont are areally much more reatricted. The 
distribution of thpsp rpmnants i<? of economic concern 

because the Manitou and Fremont are mineralized in 
many mining diatricta in central Colorado. The Manitou 

was referred to as thp "White Hmcntone" or "Yule 
limestone" in older literature in many of the mining 
districts (Emmons. 1886; Emnxins and others. 1927). 

In much of the region surrounding the Minturn quad 
rangle, auch as the Lead\ille area and adjoining Mos 
[i l l Range, the western side uf the northern Sawatch 
Range north of A«pen, Glenwood Canjwn, and the 
White River Plateau, the Manitou in the only Ordovi- 
eian formation present. In the Minturn quadrangle, 
however, the Manitou is absent and the Ordovician is 
represented only by the Harding Sandstone. This occur- 
rence of the Harding constitutes an outlier 25 mi (40 
km) north of the general area of Harding occurrence, as 
shown on a map by Sweet <1964. fig. 1>. The closest 
known approach of the Manitou to the Minturn quad- 
rangle IS in the Fando area about 8 mi* 13 km* south- 
southeast of Red difr. where the Manitou tapers to an 
eroded edge iincnnfnrmahly beneath the Harding 
(Tweto, 1956). Ihe Manitou is al*<i present about 9 mi 
(14 km) southeast of the Minturn quadrangle at 
Mayflower Gulch in the Kokomo district (Tweto, 1949, 
p. 156). where it is 20 (I (6 m) thick, lies on Pre- 
Cambrian roelcs, and is overlain by the PArting Forma- 
tion. 

The FVemont limestone is even less widespread than 
the Harding; its nearest exposures are more than 30 
mi(48 km) south of the Minturn quadrangle. 

HAMMNC 9AND8IONB 

Strata assigned f" th< Harding Sandstone of Middle 
Ordovician age conhtf-t of white and green quartzite, 
sandstone, and shale a few feet to perhaps 80 ft (24 m) 
thick that lie unconformahly on the Peerlesis Formation 
and are unconformably overlain by the Parting Forma- 
tion. No fossils have been found in these rocks, but as the 
rocks are Utbotogicaily similar to the Harding exposed in 
many places along the sides or the Sawatch Range 
farther south, and as thi s cicarh uM-rlio the Manitou 
Dolomite south of the Minturn quadrangle in the area 
between Pando and Tennessee Pass (Tweto, 1956), they 
arc ,!s:.ij^'nrd wltli c-onndrncc to the Harding. 

The Harding is continuous, although of variable 
character and thickness, from the north end of the can- 
yon of the Enp]>/ River southward to the quadran^'li 
boundary. Farther south, it is in discontinuous lenses 



(Tweto, 1949 1, and it finally pinche.s out completely 
about a mile north of Tenneasee Pass (Tweto, 1956). It 
is continuous westward from the canyon area at least to 
Beaver Creek, about 2 mi i3kmt wets t of the quadrangle 
boundary, but it must pinch out farther west. At 
Pulfoni, 7 mi (11 km) west of Beaver Creek, only the 
Manitou is rep<irtrrl hi tw^^rn the Peerless and Parting 
(Gabelman, 1950). The Harding must also pinch out 
aastwMrd from th* cnqran mm aa it la alMaiit at Bald 
Mountain and at ICayflowar Guleh in the Kokomo dis- 
trict. 

The Harding is varied in composition but omnmonly 

consists of massive white quartzite in disronrinuoua 
lenses at the base; thin -bedded green and maroon 
sandstone, quartzite, and conglomerate in tba middle 
part; and green shale and sandstone in the upper part. 
At the north end of Eagle Canyon, the Harding consists 
of 6 ft (2 m) of massive white quartzite overlain by 
about 10 ft (3 m) of purple-mottled green clay shale. 
One-half mile farther south it ia represented by a single 
massive 25-ft (7.5-m) bed of white quartzite In the 
Newbouse tunnel of the Eagle mine it is 39 fl (12 m) 
thick and consists of 22 fl (7 m) of basal white quartzite 
overlain by 17 ft (5 m* of green-gray quartzites, arkosic 
quartzites, and sandy green shales. In roadcuts 1.5 mi 
(2.4 km) south of Gilroan, the Harding is only 14 ft (4 
m) thick and consists of 2-3 ft (0.6-1 m) of basal white 
quartzite overlain by 11-12 ft (3.4-3.7 m) of interbed- 
ded pbik, gray, and green quarttita, congbmerata, san- 
dy shule, and clay shale On the slopes of the Sawatch 
Range the Harding consists of at least 35 ft (10.7 m), 
and possibly as mudi as 60 (I (16 m), ef maaaive white 
quartzite In the lower level.s of the Eagle mine the 
Harding has an apparent thickness of as much as 80 ft 
(24 m) and consists of 30 ft (9 m) of white and green 
quartzites overlain by about 50 ft (15 m) of soft varieg- 
ated clay shale. The shale has been deformed by low- 
angle faults wherever seen, however, and It may have 
been thickened by repetition of beds. 

Although the Harding normally appears to be merely 
disconformable with the formations below and above it, 
small angular discordances exist. In the Pando area, a 
discordance of as much as 6" between the Peerless and 
the Harding was measured in cliff exposures, and some 
of the basal white quartzite occupies steep-sided chan- 
nels cut in the Peerless (Tweto, 1949. p. 166-169). In 
the Newhousc tuniiel at Oilman ■Tip; 81. a di.scordance 
of 2^ was measured between the Harding and the 
overlying Parting FintnatioQ. 

Throughout the canyon area and southward into the 
Pando area, the Harding locally grades at the top into a 
bed of tough massive green clay from 1 to 2.5 ft (0.S to 

0 7.5 ml thi( k that is characteristically marked by dark 
purple spots and streaks. This clay layer shows no bcd- 
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ding bat in placM ifiapUiy« a slightly kneaded ■tmeture. 

In places where the Harding is disi-ontinuous. such as 
south of Red Cliff, this maMive clay bevels the Harding 
and Uea diivctly on tlie pMnrleas Fbrroation. The clay 

bed is intprprptpd as a residunl soil developed on the 
older ruckii pnor to the deposition of the overlying Up- 
per Devonian beds. It ia a product of unconformity and 
technically is not a part of either the Hardint; or the 
Farting, but its thinness dictateH that it be mapped with 
one or the other. In the Mintum <tiiadran^le it was 
gencraity inciuded in the Harding because of its grada- 
tional relation with the Harding, but in the Pando area 
it was included by Tweto (1949, p. 170 -173) with the 
Parting IwcauM it liea atwve the surface of angular dis- 
cordance b e tw e e n the Harding and Parting. 

The Harding Sand.'^tone commonly weathers to a 
partly or completely covered slope, and the best ex- 
porares are feimd in mine openings. The following sec 
tion was measured in the Newhouse tiinnei, which 
croeacttts the atratigraphic section from Precambrian 
rocks at tha portal to the Otaffee Group. 



SKtim of the Harding Sanditont 
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Peerlstw Kormation: 
•aa43r> 

PetroKraph: ■ lamination of two sample.s of 
sandstone from the Harding, one Tme -grained and the 
other ooarse'grained. shows that the oaDdskme consists 
of quartz, abundant interstitial .•^cricite. minor calcite in 
scatti'r(;d small lenses less than 1 mm in length, and ac- 
ce.^sory tourmaline, green biotite, chlorite, il- 
meniu- leuroxene, sphene. and zircon. Unlike the 
sandtitunes of the Peerless, feldspars are absent except 
as inclusisMBinsooieof the quartz grains. The feldspar 
of this occurrence is an untwinned variety of low refrac 
tive index. In the Tine-grained sandstone the quartz is 
in well-sorted grains 0.1 -0.2 mm in diameter which 
have recrystaUlied to produce irregular interlocking 
grain boundaries; sericite is in elongated shreds and 
flakes that have a strong preferred orientation parallel 
to the bedding but are unevenly distributed. In the 
coarso'grained sandstone the quartz grains are poorly 
sorted and ran^e from 0.1 to 2 mm in diameter. Some of 
the larger grains are well rounded but otoet are irregu- 
lar, with intcrlockinf boundariee. Hydromica or sericite 
fills in around quart/, grains and also fills fractures cut- 
ting them. A sample of green siltstone from the Hard- 
ing contains flakes of muaoovite aa modi aa 0,2 mm 
long in a matrix of Sericite, clay minerals, and 
amorphous limonite. 

DEVONIAN AND MISSISSIPPIAN SYSTEMS 

The Devonian and Mississippian rocks of the Min 
turn quadrangle and surrounding region consist of a 
basal quartsite. typically about 40 ft (12 m) thick, and 
ovcrlvinp rarhon.ite roc kp tvpirally about 250 fl *7?) m'l 
I thick. Originull.v, these strata were divided into two 
units, the Parting Quartzite and the Leadville 
Limestone or "Blue Limestone" iRmmons, 1882, 1886). 
Kirk (1931 ) later restricted the Ltadville to "limestones 
of Mississippian age." and assigned the carbonate racks 
in the lower part of the Leadville of previous usage, 
along with the Parting strata, to the Upper Devonian 
Chaffee Formation. Kirk designated the basal quartzite 
the Parting Quartxile Member of the Chaffee Forma- 
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tion. and Behre ^932, p. 60) later designated tiMCMlbo- 
oatc strata the Dyer Dolomite Member. 

Ill iHMtrietiiig the Leadvilk and defining the Chaffs 
KirilMlected as the lower hcjurulary of t fie I^ad%'i!le an 
UttOOBformity at the base of a thin sandstone and brec- 
da mil Iheo known to occur in the Leadville area (Em- 
mons and others, 1927. p. 34). in rhr \?n.sqiiito Range 
(Behre, 1929. p. 38). and m the Giimafi area (Crawford 
and Gibaon, 1925, p. 36). This sandstone and breccia 
unit was later found to be far more widespread and was 
desiffnated the Gilman Sandstone Member of the Lead- 
ville Limestoiie (Tweto and Lovering, 1947; Twelo. 
1949). 

Thus, in the usage of the U.S. Geological Survey since 
1931, the Devonian and Missis.sippian rockij of central 
Gblorado have been divided into two formational uiut.<i: 
(li the Chaffee Fbrmation. consisting of the Parting; 
Quarlzite Member and the D>er Dolomite Memb»>r. and 
clasaified as Upper Devonian; and (2i the Leadville 
Limestone (or Dolomite), consisting of the Gilman 
Sandstone Member and an unnamed carbonate rock 
member, and claasified as Ijower Mmiasippian. 

Geologic mapping and stratigraphie stwUes by many 
workers since 1931 have esin!i!i-!i- i1 that the PartinK. 
Pyer, and Gilman are each a widespread mappable unit 
in central and northwestern Colorado. Further, the pre- 
sence of an unconformity lietween the Gilman and the 
overlyinK carbonate rocks of the Leadville waf 
estabii.shtd iTweto. 1949. p 179; Banks, 19B7. p. 41 >. 
andacluiie relationship in lithology and origin between 
the Gilman and the Dyer was reconnized. In the White 
River Plateau area, where the Dyer consistJ? of a lower 
limestone unit and an upper dolomite unit (Bass and 
Northrop. 1963, p. 21). Campbell (1970) distinguished 
these units as members Mtid liii.x d the Dyer and Part- 
ing in ranlt to formation and the Chaffee in rank to 
group. 

The clasi^ification of Campbell )■< here adopted with 
modificatKin. The Parting is deisignated 'Formation" 
rather than "Quartzite" because it has a mixed 
litholuK'y or is largely shale in nianv plact-.-^. The Dyer is 
designated the Dyer Dolomite The tlilnian ih removed 
from the Leadville and m designated the Gilman 
Sandstone, therein r(->tru:imi; the lyeadvilli- to carlton- 
ate rocks above the Gilman and helow the Pennsyiva 
nian strata The Chaffee Formation of former usa^e, 
plu.s the Gilman, is denignaled the Chaffee Group. The 
Gilman is placiMl in the Chaffee Group becaaie of its 
close relation t4> the DyiT m character, orimn. and prob- 
ably in age. Thus, the Chaffee Group consists, from the 
base upward, of the Parting Formation, D>'er Dolomite, 
and Gilman Sandstone 

As discussed m the following sections, the Parting 
Pormation and the lower half or more of the Dyer 



Dolomite are established to be Upper Devonian The up 
per part of the Dyer Dolomite and the Gilman 
Sandstone might be either Late Devonian or Early 
Mississippian in age. Accordingly, the Dyer Dolomite 
and Chaffee Group are referred to the Upper Devonian 
and Lower MiBsis8ippian(?). The Gilman Sandstone ia 
referred to the Upper Devonian or Lower MiaaiBaippiian. 

ni \f ri t (;roi p 

The ChafTee Groiy) is exposed in the Minturn quad- 
ran^ mdy in the area near the Eagle River and— in 

part — in small fault slices alonfi; the Gore fault in the 
Gore Range. Near the Eagle River the group is 140 165 
ft (43-60 m) tUek— « normal tkickneaa for the region. 

However, the fTiaffee Group thins northeastward 
toward the Gore Range In this direction, it overlaps the 
eroded edges of older formations, and its eroded edge ia 
in turn overlapped by the Pennsylvanian Minturn For 
mation. In fault sUces near the Gore fault, the Parting 
fbrmation is the only part of the group preserved 
beneath the Pennsylvanian rocks. These relations, 
among others, led Lovering and Johnson (1933) to the 
concept of a persistent highland in the area of the Gore 
and Front Ranges in early as well as late Paleozoic 
time. 

Rocks of the Chaffee Group arc resistant, and they 
commonly crop oat in clifts. in the canyon of the Eagle 
River, they form the lower part of the upper difb (fig. 

I 3). which rii^'C above a 5!ope that represents the Haidtog 

I Sandstone and Peerless Formation. 

I Though thin, the rocks of the Chaffee Group are of 
special economic interest because they — along with the 
overlying Leadville Dolomite — are the host rocks of the 
principal ore deposits at Gilman. Leadville, and several 
other mining districts. In such areas, and at Leadville 
especially, the thin sandy units comprising the Parting 
and the CHIOMn provide the principal stratigraphie con- 
trol in a sequence of mineralized and altered dolomites. 
In areas where the D|yer and Leadville Dolomites have 
been replaced by jasperoid, the sandstone in the Gil- 
man — though extensively replaced also — ^is particularly 
significant as a stratigraphie marker. Areas of 
jasperoid north west of Gilman and west of Minturn are 
indicated on plate 1 and are discussed in the report on 
the ore deposits by T. S. Lovming. Tweto, and T. G. 
Lovering (1977). 

i'\H n\<. n)KM \ HON 

In the souihweslern part of the Minturn quadrangle, 
the Farting Formation consists of 40 ft (12-20 m) 
of pr«'dominantly quartzitic rocks. It lies unconform- 
ably on the Harding Sandstone in this area, though a 
few miU s u> the souih n locally lies on the Peerless For. 
mation (Tweto. 1949). As exposed in fault blocks along 
the Gore fault in the Gore Range, the Parting is 10-30 
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ft (3-9 m> thick and raats. In diffierent places, on Pre- 

Cambrian rocks, on Sawatch Quartzite, or on a thin 
remnant of the Peerless FornuiUon (fig. 25). 
In the Mmturo quadrangle and nearhjr areas, the 

Parting Formation consists chiefly nf quart/itf and 
quartzite conglomerate, but locally it contain!) abun- 
dant turquoise-green shale which in fdaces is streaked 
and is mnltled niar(H)n. Thr qunrtztte is typically light 
Ian to white, poorly sorted, coiirse t^raiiied, thick bedded 
to manive, prominently crossbedded, and vitreous. 
Quartzite conglomerate, characterized by well-rounded 
to angular white and pink quartz pebbles */*-2 in. 
(0.6-6 cm) in diameter, generally is present at the base 
and oeeora also in scattered lenses throughout the unit. 
Quartzite of the Parting can generally be distinguished 
from that of tin- .Siiwatch — or from the white quartzite 
present locally in the Harding — in isolated exposures by 
the coarse and uneven grain, the presence of clear 
quartz as contrasted to cloudy white quart?- of the 
Sawatch and Harding, and. commonly, by tan color of 
the rock. 

The quartzite nf the Parting is composed almost en- 
tirely of quartz grains but contains sparse interstitial 
sericite and a few detrital grains of zircon and leucox- 
enc Some of the quartz prains contain small inclasions 
of muiitovUe. green tourmaline, and slender needles of 
sillimanite, together with lines of minute fluid inclu- 
sions. Many of the grains show marked strain shadows. 
The quartz grains in the nonconglomeratic beds range 
in size from 0.1 to mort- ihan 1 mm; most of them were 
originaUy rounded but recrystallization and secondary 
quartz overgrowths have pndooed an irregular in* 
terlocking texture. 

The green shale in the Parting occurs in local thin 
beds between the heavy quartzite beds and aim in thick 
lense.s tliai lii<.all> mnstitute as much as halfthe thick- 
ness of the formation, as at the north end of the canyon 
of the Eagle River, south of Grose Creek. Much of the 
shale is sandy, and some of it rontams thin beds of 
vitreous white quartzite. Thin sections show that the 
green shale is composed of alternate layers of fine 
arkosic sand and pi een rhioritic material. The ark»)su 
layers are composed chJi ny of quartz, microcline. and a 
pale-green muaceou-s mineral tentatively identified as 
a chlorite. Small flakes of detrital muscovite are com- 
mon in the arkosic material, and the accessory detrital 
minerals are tourmaline, sphene, and zircon. 

Character of the Parting Formation is illustrated by 
the following section, measured in the canyon between 
Red Cliff and Gilinan. .^s measured in sections a few 
miles farther south iTweto. 1949. p. 171-173). the up- 
permost sandstone and quartzite beds of the Parting 
are dolomitic. and the contact with the over|ying Dyer 
Dolomite is gradalional. 
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In many plat es t he quartzite beds of the Parting con- 
tain rusty cavities that can be seen to be molds of 
brachiopods. pelecypods, or crinoid stems, but generally 
these are Li.)u vaguely imprinted in the coarse quartzite 
matrix to be more closely identified. On the dip slope 
traversed by the Tigiwon Road 1.2 mi(1.9 km) north- 
west of Gilman, somewhat better preserved casts and 
molds were found in abundance in the Parting. These 
fossils were identified by £dwin Kirk of the U.S. 
Geologleal Survey (written oommun., Feb. 5t 1953) as: 

Sckbtphoiia ttnatuloia w. mutnlit Kladte 

Paurorhynca endttehi I Meek I 
Avirutopecten > ap ifrapiientar>'> 

Kirk stated "Although poorly preserved, the above 
listed fosrils can be recognised. It is a typical Ouray 

(Upper Devonianl fauna." A fjeneratty similar tirnup of 

fossils has been reported from the Parting in the 
southern Sawatch Ranffe (Dings and Robinson, 1957, p. 

15). More recentlv, C A Sardhcrp of thn I' S Goolofri. 
cal Survey ' written comniuji., 197 1» has reported a con- 
odont fauna containing ^Clyd^Mthm ormuloiU from 
the Parting in Glen wood Canyon 

Except for these three invertebrate collections, the 
chief fossils found in the Parting in central Colorado 
arp fish remains »Brvant nnd Johnson, 1936; Denison 
1951. Baa& and Northrop. 19B3, p. J20-J21). On the 
basis of the fish fossiis. particularly the genus 
Bothriolepis, the Parting has been classed as early Late 
Devonian in age (Denison, 1951; Poole and others, 
1967). On the other hand, the brachiopod Paurorhynca 
endUehi and the conodont fClydgnathut omtistoai 
reported above indicate a late Ijtte Devonian age. This 
difference in age probably is ,in expressiim of different 
levels of foseil occurrence in the Parting, though it does 
establish that some of the Parting is ymoger than was 

previously known. The Parting,' is a tranaRrc.^si\ i' unit 
that prugrewively thins and becomes younger north- 
eastward. Moat of the fish localitiss are on the south- 
west side of thn S.iwatfh R;snpr. RO mi '97 km) south- 
west of the Minturn quadrangle, in thin-bedded limy, 
shaly, and sandy strata nearly 100 ft (30 m) below the 



Dyer. Hie lirariih>|»d localitgr in the Mlntum quad- 
rangle, in contrast, is in quartzite no more than 20 ft (6 
m) below the Dyer, and the conodont locality is only 21 
ft (6.4 m) below the Dyer. One fish locality is in the 
Mosquito Range nnrth of Ralida, in a red shale unit that 
underlies the typical quartzite of the Parting. This 
shale unit extend.^; di.scontinuously northward to the 
Lcadvillc area, but it is absent in the Minturn quad- 
rangle. Beds thought by Behre and Johnson (1933) to 
represent this shale at Oilman are of different 
character and are herein assigned to the Harding For- 
mation. 

From regional studies of the Upper Devonian rocks, 
and from the fact that most of fish remains in the Part- 
ing and correlative units are of freah or bnckiah water 
forms, Denison (IPFiii mnrluHpd that the Parting 
represents nearshore, shallow-weter marine deposits, 
possibly including freshwater stream-ebaaii^ and 
flood-plain drpo=!t': rhnrncter of the Parting in the 
Minturn quacirau^le supports such a conclusion. The 
widely occurring molds of brachiopods and crinoids In- 
dicate marine deposition, but the lenticular conglomer- 
ates suggest channel deposition, particularly as they 
show craaabaddiiig of tirt atream gravel-bar type. 
Ganora! increase in coarsraeas of the Parting novth- 
eastward suggests a source area and depositaonal 
margin not far northeast of the Minturn qtiadrangle, if 
not at the site of the Gore Bange. From studies of 
erossbedifing and grain siae in the Parting from Ms- 
turn westward to Rifle, Campl>ell (1967) concluded that 
the lower part of the Parting was derived from sources 
to the east and the upper fMfffc was dsrhed firoa aouToea 
to the north. Local areas of nondeposilion of the Part 
ing were recognized iiy Singewald U931) in the Alma 
distrct, 16 mi (26 km) aoutheaateftiie Mintuni quad- 
rangle 

Thruughuul the region, the Parting Formation ia 
separated from underlying rocks by a ms^or uncon- 
formity Tlic youngest formation known beneath this 
unconformity is the Fremont Limestone of Late Ordovi- 
cian age, and regionally the Parting l>evels formations 
of all ages from FVemont down to Precambrian. Though 
the unconformity was long thought to represent erosion 
in Silurian time, the discovery of Silurian and Upper 
Ordovician limestones in diatremea in the Front Range 
(Ominic and others, 1969) along Willi oUier, intttreet 
evidence sugk'est.s that bith the Fremont and a Silurian 
limestone may once have been widespread over the 
state. If so, these rocks were eroded fai Rhrly and Rfiddle 
Devonian time, when mo.'^t of the Rocky Mountain 
region was a land area (Poole and others, 1967; 
Sandberg and Mape), 1967). Hie paleontakgieal data 
just discussed indicate that in (he area of the Minturn 
quadrangle erosion probably continued through the 
early part of the Late Devonian also. 
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UYfcR IX>UJMITE 

The Dyer Dolomite lies conformably, locally with gra- 
dational contact, upon the Parting Formation and is un - 
conformably overlain by the Giiman Sandstone. The 
Dyer is uniformly 75 - 80 ft (23- 24 m) thick in most of 
the area near Gilman and southward to Leadville. In a 
few places, however, the overlying Gilman Sandstone 
fills broad channels cut to depths of as much as 25 ft 
(7.5 m) into the Dyer, reducing the thickness of the 
Dyer to as little as 50 ft (15 ml. 

The Dyer consists almost entirely of dolomite, which 
characteristically is fine grained and thin bedded and 
breaks into small, sharp, hackly fra^ents (fig. 9). The 
dolomite is gray to black; much of it is finely laminated 
in shades of gray. The laminations are wavy, and 
Campbell (1970) has interpreted them as stromatohtic 
in origin. In outcrop, the lower half to two-thirds of the 
member weathers Ught buff or yellowish gray, and the 
upper part weathers dark brown to bluish gray. 
Argillaceous matter coats many of the bedding planes 
and occurs also in scattered beds of shaly breccia in the 
lower, yellow-weathering unit. Such beds are bounded 
by wavy bedding surfaces that are evident minor dis- 
conformities or diastems; they commonly have a 
bleached-looking, light -gray or yellow color and lie upon 
dolomite that is similarly bleached to depths of a few in- 
ches. Such argillaceous breccia zones are mterpretcd as 
weathered zones formed during periods of interrupted 
deposition and temporary exposure. Other beds in both 
the lower and upper parts of the member have a fine 




PicuHE 9.— Thin -bedded dolomite charactenitic of Dyer Dilomite in 
rttadcut of abandoned highway 0 3 mi (0-5 km) northwMt of Gil- 
man. Hammer (arrow) shows scale. 



breccia structure but are without argillaceous matter or 
bleaching. These are interpreted as wave breccias. 

Within the canyon of the Eagle River and in adjoin- 
ing mines, the Dyer contains several distinctive and 
persistent beds that are useful as stratigraphic 
markers. A 7-ft (2.1m) bed that contains abundant 
black chert in small nodules and lenticular stringers is 
present 15 ft (4.5 m) above the base. Thin but persistent 
shale partings occur at 22 and 32 ft (6.7 and 9.8 m) 
above the base. At 45 ft (14 m) above the base is a bed 
of dense black dolomite 3-8 ft (1-2.4 m) thick that 
shows in cliff exposures as a black band at or near the 
boundary between the yellow- and the blue-gray- 
weathering parts of the member. At the base of this 
black bed is a thin sandy stratum known locally as the 
"sand grain marker." 

The "sand grain marker" is typically 1-2 in. 
(2.5- 5cm) thick, but locally it is as thin as '/< in. (6 
mm) or as thick as 5 in. (13 cm). It consists of dark 
dolomite sprinkled with roimded. frosted quartz sand 
grains generally 0.6- 1 mm in diameter. In some places 
the sand grains are so abundant as to constitute a 
sandstone. In others, they are so sparse as to require 
very close scrutiny for identification; nevertheless, this 
thin stratum has proved to be remarkably persistent 
and widespread (Lovering and Tweto, 1944, p. 23; 
Tweto, 1949, p. 175; Banks, 1967). Other sandy zones of 
similar character occur locally in the upper part of the 
Dyer, and Campbell (1970) has noted the presence of 
disseminated quartz sand grains and local thin 
stringers of sandy dolomite throughout the uppermost 
part of the Dyer in the White River Plateau area. The 
frosted, well-rounded grains of the "sand grain 
marker" and other, local, sandy layers are interpreted 
to be of eolian origin, blown from coastal dunes into the 
shallow waters and tidal flats in which the carbonate 
muds of the Dyer accimiulated. 

Character of the Dyer is illustrated by the following 
stratigraphic section, measured in the canyon of the 
Eagle River. 

Seciion of Ihe Dyrr Dolomite 

IMMnir*4 *laa| ftn« i«ilbr nortll af IU«k l>—k. iMfUiaiM •bMidoBwl luilm)r 
bilam V& HlfimiP 24 Sm iig. (I 

Tkukitrm duuncr 

Gilman Sandstone: 

Quartzite and dolomite breccia. 
Unconformity- 
Dyer Dolomite: 

16. Dolomite, gray, brown- to (fray- 
weathering, finely cryalalline. 

brittle, thin bedded 9 0 68.8 

15 Dolomite.dark bluish (tray, finely 
rryntalline. brittle, hackly, thin- 
bedded, and finely banded 3 5 65-3 

14- Dolomite, lan-irray. finely cryatallin*, 

brittle, thick bedded 2 0 63.3 
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Stetian tfthg Diftr IMwitile— Coatuniad 
Dyer Dolomite — Continued 

13. DDlQniit«,gr«jriib-btock.aB«)y 

in. mvi tampf top 

IS. PrtBndt».Mi ffc ,< iirit -fc«w m i»h gr»y- 
WMtherini, medium -crystalline to 
findy crystalline, medium-thin- 
bedded 

11. DDlomite. uhulv. trruy. thin bedded .... 

10. Dolomite, blue bliick. finely crystalline, 
mas«iv«, Weathers dark blue grmy to 
black "Black marker bed. "2- taS'lB. 
bed of sandy dolomite at base is 
"sand grain marker" 

9. OohNniU;4«rk-(nv;«'Mdi«»li|^ 

•.dark'gray.Uuii- 
boddad; gradaa upward into overlying 
bed. "Shale marker" 

7. Dolomite, antillaccous.diirk tiKiish- 
gray grading to gray downward, 
grven-buiT-weathenngJ 
irregularly bedded . , , . , 

6 .Shuli- dotomitic. green. Ihin l 
6. Dolomite. cherty.Ught.gnv, I 
weathering. fill».cniilMcl,tllia- 
baddad. Chwt w black, in I 
iMiM a* Biidi M IB bi. kmg and > 

in, thick. "X^erty marker" 

4. Shato. eakareous. gray green, fiasile . . 
3. Dolomite, light -gray, ^ay wi^athering. 
very finegrained, thin bvdded 

8. Shalydolomitt' 1iKt>t t^rwy, thin bedded 
1, Dolomite, light -Kray, finely crystalline, 

medium-bedded; weathers bufTaAd 
to smoothly roundfrf Ift^'c rontaiaa 
• rewahalepartiiiK'^ B«>itl :H fi i» 
vary thinly bandad, irragularly 
baddadi and knoMy wtatharinf . 
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B.0 
1.0 



74 

OA 

4.0 
OS 



t«,0 
7T,0 



Partin>^ Kormalion 

Sandy quartzite. white and pinki-^h whue, ru.'^t sputtud. 
coarse- and uneven -grained; is slightly dolomitic in 



M.3 
535 



46.6 



3S.5 



325 



23.5 
225 



160 
14.5 

105 
10.0 



Under the microaoope, typical Dyer Dolomite is aeen 
to oonaist of doksmite grains avwaging about 0.0S mm 

in diameter, tno-t nf which contain minor amounts of 
opaque dark carbonaceous matter as "dust." This dusty 
organic matter probaidy aooounts Ibr the dark color of 

the rock A few tiny irreptilar masses, of quartz and of a 
clay interpreted as halloysite, are also present, no other 
minerals wwa obeerved. 

Fossils are rare in the Dyer Dolomite in the northern 
Sawatch and Mosquito Ranges, but they have been 
found in aovoral loealitiaa ftrkhar ««at and south. W« 



found none in the Bfintum quadrangle, though the Up- 
per Devonian t-jr.arhinpoH ,9;;tr.'/rr trh'frry var. 
animaaeiuU Girty was reported by Crawford and Gib- 
son (1925. p. S7'88). At dennood Canyon, 40 mi (64 

km) we.st of Minttim, the Th-pr contflin« a hasal unit of 
limestone that has jrielded an abundant tauna of Upper 
Devonian brachiopoda (Baas and Northro|», 1963, p. 
J2I-26> Similar fossil assemblages have been reported 
from several localities In the lower part of the I>yer on 
the western side of the Sawatch Range (Johnson, 1944, 
p. 329-330) and from the southern end of the range 
(Dings and Robinson, 1957, p. 15). The fossils from the 
lower part of the Dyer are the basis for the assignment 
of the Oyer to the Upper Devonian, though doee 
afnnttMs with Lonfor Iffiariaaippinn faunni have been 
recognized (for example, P. EiCknid, in Baaa and Nbrth* 
rop, 1963. p. J26). 

Though the upper part of the Dyer haa been elasaed 
as Devonian rmny authors, it is poorly fossiliferous 
and Its age is not well established. Helen Ehmcan of the 
VS. Gealogical Survey (in Morris and Lovering, 1961, 
R7' reported that a sparse coral fauna "suggests * * * 
Early Mississipplan age." Both Hallgarth (1959) and 
Rothrock 1 1960) concluded fWUB subsurface studiee in 
western O>lorado that the upper part of the Dyer passes 
westward into limestones classed as Lower Mississip- 
plan on the h«si4 of lithology and sparse fossils, b 
southwestern C^kn-ado and ad^onihig Utah, Baara 
(1966, p. 2099) reported Early MBssissippian endothyrid 
foraminifera in the upper part of the Ouray Limestone, 
with wiiich the Dyer is generally correlative. Therefore, 
we dasa the Dyer as Late Devonian and Early 
MississippianC?) in age. 

<ill.SI.A\ SANDsroNt 

The Oilman Sandstone is a thin but widely persistent 
unit of sandstone, breccia, and dolomite that lies with 
erosional imconformity tipon the Dyer Dolomite and is 
overlain with erosional unconformity by the Leadville 
Limestone (or Dolomite). The unit is typically about 20 
ft (6 m) thick in the Mintum quadrangle and siuround- 
ing region, but it thins locally to about 10 ft (3 m), and 
in a few places it thickens to as much as 50 ft (16 m). 
Where thick, the sandstone fills broad channels cut into 
the underlying Dyer Dolomite. One such channel was 
observed in the Eagle mine, and others occur south of 
the quadrangle. 

The Gilman is varied in lithology, but in most places a 
major part is eandrtone or sandy ddomite. A Itasai bed 
of sandstone 1-2 ft (0 3 0 6 m) thick is commonly pre- 
sent. This bed is generally over lam by a few feet of in- 
terbedded sandstone and dolomite in beds that |rinch 
and swell, and this is overlain by lenticular bodies of 
breccia, dolomite, and sandstone or sandy dolomite. 
Chert is abundant in soma of the bfuocia and dolomite. 
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Hie top of tilo Gflnuoi la marked fai many plaoM bjr • 

bed of strui [ tireless brown ►^rnv lithographic dolomite 
called the "waxy bed" by the mine geotofiato at Gilmao 
and alio referred to by that naoM by Bngel. Claytoii, 
and Epstein fl958) and by Banks (1967. p. 41). This bed 
is irregular m thickness, ranging from a few inches to 
aeveral feei, and ia lanerally aeparatad fnm undarly- 
inj; Mtraf 3 b%- « wavy contact A more pronounced wavy 
contact separates it from overlying bedded carbonate 
rock of the Leadville. Though cut out by unconformity 
in places, the "waxy bed" has been traced throughout 
the region from the White River Plateau to tlw Sangre 
de Cristo Range (Eocalandolliera, 1988, p. 376i; Banks, 
1967, p. 36-42). 

b difT e xpu e u iee of ^ Chaflke Grnop and LeadviHe 
Limestone (or Dolomite), the Oilman generall'- h jw? 
up as a yellowish -gray massive unit separating thin- 
bedded gray ditbNnite ef the Dyer below fnnn thick -bed- 
drr! grn . carbonate rocks of the Leadville abovr ir -^ui h 
exposures, the "waxy bed" otHUnoaly forms a shallow 
mdentatkm hi Oiedifr. 

In mineralized areas, the Oilman displays composi 
tional and structural features that are interpreted m 
ptodncts of solution pr o c e e see. These features are dis- 
cussed in the report on the ore deposits (Lovehng and 
others, 1977) In most unmineraliied areas solution 
features are absent andthatmdMoneand sedimentary 
breccia of the Oilman are essentially unmodified. Pre 
vious descriptions of the Oilman by us (Lovering and 
Tweto, 1944; Tweto, 1949) were based on studies in the 
Oilman and LeadviUe mineralised areaa. and they oon- 
aequently emphaalied eohition featuree that are now 
known to be of restricted occurrence in the Oilman. 

Where not modified by solvent action, the 
unoonformity at the base of the Oilman is a smooth but 
wavy surface that commonly shows rehef of several in- 
ches in only a few feet along strike, and a relief of 
aeveral feet over longer distances. Where modified by 
solvent action, this surface is irregular and is marked 
by abrupt pits and pinnacles that have relief of as much 
as several feet. Strata above the modified surface show 
local sag structures and internal faults and are cut by 
dikelets of Mack ctay. breccia, quartz sand, or dolomite 
eand. 

Sandstone of the Oilman ia yellow to light gray and 
oonaiata orwdl-eorted. rounded quart* graina about 0.5 

mm in diameter cemented by d( livrrtite, calcite, or silica. 
Some of the aandstoae is speckled with minute particles 
ef white elay. A* Judged flram aeveral thin aections, the 
sandstone is d«»vo!f^ of detrital heavy minerals The 
sandstone closely resembles that of the "sand gram 
marker" and other thin sand lenses in the Dyer 
Dolomite, and, like them, it is probably of eolian origin, 
though obviously reworked in water. 
Bnept hi the "waiy bed", the dolomite in the Gihnaa 



ia in part identkal to the gray, fine-grained, finely lami- 
nated dolomite in the underlying Dyer and in part a 
breocia or edgewise conglomerate of dolomite frag- 
meiita eanented by didomite. Both varietiea locally con- 
tain sparse to abundant quartz grains similar to those 
of the sandstone, and both varieties occur in cberty or 
chert-(^ forms. The "waxy bed," in contrast, ia devoid 
of quarts graina and chert and ^wB no lamination or 
bedding. 

The chert in the Oilman is predominantly black, but 
a light-gray to white varied ia alao preoent. The cliert 
occurs princtpally in sharp to eomewhat abraded tng- 
ments. The fragmpnlH are most abundant in the 
dokmiite breccias, but they are scattered through the 
hirainated dolomite alao. Hie cbeit haa been atodied in 
(letrtil by Bankfl f]970) who distinguished an early 
variety that was deposited from hypersahne waters 
pene c BBte m p w r an eouaiy with the enclosing dolomite, 
though the chert wb? broken and redistributed by wave 
action as dolomite deposition proceeded, and a late 
chert that transects primary sedimentary structures in 
the dolomite Banks attributed the late chert to ground- 
water action during karst erosion after deposition of 
the Leadville limestone. 

A section of the Oilman Sandstone in the Gibnan 
area follows. In thia tocality, the Oilman shows effecta 
of solution and collepat- and also of hydrolhermal 
alteration in some of the dolomite. Sections in other 
areas show leas breccia and little or no hydrothsrmal 
alteratkm (Tweto. 1949, p. 119-180). 

aeetian of the Oilman Saiidtlonr 

'lMlllMHl>rti»htMfc04«iWM.rth«*o«CiW,^^ .t .h^nJ—JMlfcinyeti h b«l » n 



Uadville Dolomil* 

LiKhi gray flntly cryitslHos detanite. 
UncaDfomiity. wa«y nollMe. M.0 
OUman Sandriane: 

8. lMeniilc"«as)rbsd";isdsikara7. 
brmm-grsy weathcrinK, dcnie. 
unirorm; hackly fracture. 3-ln. layer 

of black chert at baM 9.0 21.0 

T. Dtilunute, hvdrnthermall\ altfrt-d. ib 
hruwnfih vrav por'vu'^ v-u,:j;v, ha-^ 

/*'br.n fork ^'truc'uT'r .n p:itrhrs \J$ \9A 

6. DoJomitr. gray, fin'- Kriimi Ki cuntains 

•parsr black ch<-n 4j8 14.8 

6. Sandy dailumitf and aandjitone, gray, 

thin bedded 1.0 lS.8 



4. Dotomite-cbert breccia. Oolamite 
trainicsMs are imaular in Mw and 
■hape-.dwit ftaiaiMta ara mmU. 
Containa BcatterMl cfamkt of 

dolomitic sandMonv.anda few 

subanitular frairnent^ of limcaUme 

-:i> m ji ^■. .ts 1 Ir in iluirm-ier. C-onlact 

with untifrlying sandstone very 

irreaular 5.1 8.7 
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Dyar Dolaaiite: 

Dotanito. gny. thia-badM. and hvittla. 

Bkeapt fiw dtfTerencM in praportloiui of aandfltone 

and dolomite, the Gilmar; clo^elv rpsernblcs the un- 
derlying Dyer in lithology, and like the Dyer, it shows 
abundant evidence of shallow-watar daposition After 
detailed study of the upper Dyer and Gilman 
throughout the region, Banks (1967, 1970) concluded 
that the dolomite in these units was deposited Arom 
ahaUow t9P«rsaline waters in a mudflat aDvinninMit 
•oltjaet to agitation by waves and frequent nibaeirial 
posure and that the sand was introduced by wind. 
8iinU«r]jr. Cunpbell (1970) oonchided a tidal flat origin 
ffnr hia CMIiw Pot Member of the Dyor (equtvakmt of all 

the D\er in the Minturn quadranKle). 

The Gilman Sandstone is unfossiliferous. and, like 
the upper part of the Dyer, it might be either late Devo- 
nian or Early MiMiHipipian in age Kirk (1931) 
assigned it to the feffiaaiaaippian Leadviile Limestone 
rather than to hit underlyiag Upper Devonian ChafTee 
Formation because of the iinconformity he recofpiized 
at Its base. However, the unconformity at its top. not 
recognised by Kirk, seems to mark « far more signiA- 
cant break in sedimentation. The strata of the Gilman 
and Dyer below this unconformity are reworked eolian 
sands and primary dolomites deposited in shallow by- 
persnliif -.vn'^'r^ The Strata above, in the Leadviile, are 
nonnai marine limestone, some of which was later hy- 
dniQiermally dolomitized (Lovering and others, 1977). 
As seen in local outcrops, the unconformi^ at the (op of 
the Gilman is a wavy surface with relief of as mtieh as 
18 in. (45 cm), but over longer distances the relief is 
levenil feet, as indicated bgr eroaional truncation of up- 
per tmita oTthe Oilman SandMaoe. Some depreaaioni in 
the surface of um onfurmity are filled with pebbles of 
quartzite and chert (Tweto, 1948, p. 179). The quartxite 
todicatea tiiat In eome nearfagr area erodon extended to 
a stratigraphic level below the Gilmar rr babi v in the 
Sewatch Quartnte. Banks (1987, p. 41) interpreted the 
uneonfomi^ m a kant erailoo surboe. 



LEAOVILLB UMEOTONBiOR DOLOMnC) 

In most parts of central Oolorado, the carbonate 

rocks of the Leac1vil!e Ijmestone nrp pr<»df)mirant!v or 
entirely limestone. Thruujih mom. of the Minturn quad- 
rangle, however, and southeastward through the Lead- 
viile district and the Mosquito Range to the vicinity of 
Buffalo Peaks, a distance of 42 mi (68 km ). the carbonate 
rocks of the Leadviile are dolomite. Through this area 
the LeadviUe is accordingly called the Leadviile 
Ddonute. Hie boondary between the limestone and 
dolomite facies lies approximately along Cross Creek in 

the Minturn quadrangle; hence, the LMdvilie is refer- 
red to sittier as HnsatoiM «r a* dolomite in tUa >«port» 

depending on the area involved. 

The Leadviile is of prime economic interest because it 
is the principal host rock of ore deposits at Gilman, 
Leadviile, and Aspen as well as in several leaser mining 
districts in the Sawatch and Mosquito Ranges. The ore 
depoMto are predominantly in the dolomite facies. East 
of the Sawatch Range, the belt of dolomite coincidaa 
with the width of the (Colorado mineral belt (fig 24) 

Hie LeadviUe lies unconformably on the Gilman 
Sandstone and la overiain tmooofbrmaUy either by 

very thin patches of the Molas Formation or by the 
Belden Formation of Pennsylvanian age. The uncon- 
formity at the top of the LeadviUe is a karat eraaion sur - 
fpfv- '^':!f irrf^jularly truncates the carbonate rocks. In 
the cunyon area between Mintiu^n and Red Cliff and in 
the Eagle mine, the Leadviile ranges from 110 to 140 (I 
(34 to 43 m) in thickness, except as affected locally by 
cavities and channels in the karat surface. The Lead- 
viile thins to zero at some place beneath the Penn- 
sylvanian rocks ea«t and northeast of the canyon area, 
for ft is absent beneath Fennsytranian rocks in fault 
slice.s along the Gore fault. It also thins southeastward. 
Two milra (3 km) south of Red ClilT it is 67 a (20 m) 
thick, and in the Kokomo district, it is 26 ft (7.6 m) 
thick (Tweto, 1949. p T^^i T^6i At Leadviile the thick- 
ness averages about M) ft (24 m), although it ranges 
fhHD 0 to 190ft (Oto 58 m> (Tweto. I9eflb). 

The dolomite of the Leadviile, from Ooss Creek 
southeastward through Red OiSS to Leadviile and 
beyond, constate of several varieties or facies. Most 
abundant and oldsat is a flnely crystalline dark -gray 
dense dokmiite in erhich bedding ta well pr e se rved . 
Superposed on this are various eoarser grained and 
lighter colored facies resulting from recrystallization 
under hydrothermal conditions. Bedding is partly 
obHterated in the reerystallixed rocks, making them ap- 

pear more massive than the medium to th i ^< V( c^ded 
dark dense dobmite. The origin of the dark dense 
dokimite— whether aynfenetic or hydrothermal— liaa 



Diyiiizea by Google 



31 



bMn eonsfderaUy debsted. (See Radabaugh and others, 

1968; TweU). 196rta i It *as amcluded ti. b«> hydrother- 
maJ by Engal. Clayton, and Efwtein (1958). and it is in- 
tcrprelod by oa to bo hydrothcrmal. 

The character and urij^in of the vHriouy dolomite 

£acie« in the LeadviUe are diacuaaed in the report on ore 
dapoaito (Lawariiif and otfian, 1977), bdt — the 

dnlomitti fncioR hAVf a strfltiKraphic rxpressian in the 
Gtlman area, they are described briefly here. The lower 
80-100 ft <24-30 n) of the Leadvttla in th« Oiinan 
area consists of predominant dark -gray to hiack finely 
crystalline dolomite and subordinate interbedded 
tnodiuni-gray and medium-crystalline dolomite. The 
lower 50 65 ft fl5-20 mi of the dolomite contains con- 
spicuous black chert. An especially cherty bed about 10 
fi (3 m) thick lies about 50 ft (15 m) above the Oilman 
Sandstone. A persistent streak of fragmental chert — 
the "chert breccia marker" of tb« Gilman mines — is at 
the base of this bed. and above it is dolomite that con- 
tains abundant chart in hmg lenaca or thin beds. Banks 
(1970, p. 3033) eoneluded that the diert was "precipi- 
tated from ground waters amorphous silica after in- 
itial lithification (of the Umestonel but prior to or dur* 
bag karat eroaion of the fbrmatiaB in Late IGaalaaip- 
inan(?> and E;ulv Feiirrsvlvnntnn '".mr " 

Hie lower unit of doknuite just described is separated 
from an upper unit by a hyaeeirtsJ and iHghtljr sandy 

and shaly dolomite zone 1 4 ft ^30'120cm> thick that 
is known as the pink breccia. This zone has been 
■larlndiy aflbeled Iqr baJJiiiK fbnk mweiueut Mid hjr- 
drothermnl alteration. It may mark an unconformity 
within the Leadviile, but it has not been identified out- 
■de of tiie mine area. 

Above the pink brecci« in the Gilman «r<»H is an up- 
per unit of the Leadvilie that consiats largely of 
recTjrstallixad dolomite and is known at Gilman as the 
"discontinuous banded." This unit is characterized by 
abundant patches of zebra rock consisting of alternat- 
ing bands of black or dark -gray flne-grained dolomite 
tad whita ooarae-grained wggy dokHoite. The bands 
are ■ ■ A in. f1 .5-13 mm) thick and generally are ap- 
proximately parallel to the bedding, although markedly 
discordant locally. The zebra rock in turn has 
raerystaDiiad irregularly into a ooraae-grained, vuggy, 
light hrovvn-p-ay dolomite known locally for it.s lu.'ftor 
as pearly or brown pearly dolomite. Neither zebra rock 
nor pearly dobnite are eoBllned to the upper unit of 
dolomit'' At Gilman they occur sporadically in the 
lower unit, and in places elsewhere m the region, as at 
Leadvilie, they locally constitute the full thickness of 
the Leadv-ille Conversely, dark -gray dense dolomite is 
abundant at the level of the "discontinuous banded" in 
many plaeea ookaide the Gilman area. 
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The boundary between the dolomite and limestone 
fades of the Leadville is Iniried beneath the moraines at 
the mouth of Cross Creek. The northernmost exposure 
of the dark dense ilokmiite fiuiAa it 4m the north «iidB of 
the bedrock knob wmt of Bolts Leke (pi. 1). In ex- 
posures a milf tarthf r north, near the Minturn Ranger 
Station, the Leadville above the Gilman is entirely 
limestone except for irregidar patches of coarse- 
grained vuggy hydrothcrmal riulnmitr This littu-stnne 
is dark gray, finely crystalline tu lithographic, thick 
bedded to massive, and cherty, and it weathers light 
bluish frray Thin secfinns show abundant recfystallized 
toramimltra in lIil- iimeistono. 

The limestone facies is poorly exposed in the Minturn 
area. To thr mn thwcst, where it is well cxp<isi-(l. Engel, 
Clayton, and Epstein (1958) reported ihal the 
iiroestune is diviidUe into two main units. The lower 
one, resting on the syngenetic dolomite of the "waxy 
bed" at the top of the Gilman, con.sists of medium- to 
very fine grained, dark- to iiudium-gray cherty 
limestone and is commonly about 40 ft (12 m) thick, 
although it ranges from 30 to 70 ft (9 -21 m). The chert 
is not aburi<i iiit uitl is concentrated near the top and 
bottom of the unit. Exclusive of the chert, the limestone 
contains from 1.3 to 3.15 percent silica and less than 0.5 
percent Al, Fe. Mg. and other niituir crin.stiliu'nl.s The 
upper unit is a remarkably pure limestone containing 
99 percent or more calcite. It is 60-150 ft (18-46 m) 
thick and is gray, fine grained, and thick heddod It con 
sists in large part of foraminiferal material but also 
contains abundant amaD fragments of other feaails and 
is locally oolitic. 

Despite its composttiun and the abundance of 
foraminiferal and other fossil remains in parts of it, the 
Leadville iimeatone of central Colorado is rather poor 



in diagnostic fossils. We found no foesQa other than 
recrystallized fragments in it, though the Lower Missis- 
sippian brachiopod Spuifer centronatus WincheU was 
reported by Oawford and Oibeon (1925, p. 37) firom a 
location a few feet above the Gilman, 

The Leadville is dasaed as Early Miswiaaippian. or 
late Kinderhookian and Osagean, in age (Waller and 
others. 19 !^^: A Meramecian or Lat*^ Mis issippian age 
for some of the upper strata was reported by Hallgarth 
and Skipp (1968). However, Skipp later amended her 

earlier identification of Endothyra aff. E. ncitula 
To<jmey on which the Meramecian age assignment was 
based <oral commun., Feb. 1969) and, as reported by 
Conley (1966), she found no foraminifera younger than 
late Osagean in extensive collections of well preserved 
microfosails made by Oonley in the White River 
Plateau. 

The Leadville is generally recognized as an approxi- 
mate, if not exact, equivalent of the Madison Limestone 
of extreme northwestern Colorado and waat-eemtral 
Wyoming. Sando (1967) aatabliahed that a thm baaal 
dolomitic unit of the Madison in west -central Wyoming 
is Kinderhookian, that limestone making up the main 
bodbofthefbnnatMin is Osagean, and that a thin upper 
member is Meramecian. 

So far as the Leadville of the Minturn quadrangle ia 
concerned, it is most likely only Lowwr kiiaaissipfiiian 
'Kinderhookian and Osagean). because it was here 
eroded more deeply before deposition of the Pennsylva- 
nian roeke than in «rsM to tiie ' 



PREpBELDEN UNCONFORMm' 
AND MOLAS FORMATION 

As indicated in the preceding section, the Leadville 
Limestone was unevenly eroded before deposition of 
overlying marine Pennsylvanian sediments began. 
Chemical weathering of the limestone during at least 
the latter part of this erosion period produced a karst 
erosion surface characterised by caves, sinkholes, and 
irregular channels, and it also produced a residmnn of 
clay, silt, and chert, derived from the insoluble 
materials in the limestone. This residuum or regoUth, 
containing vaiying amounts of admixed materials fhun 
other sources, constitutes the Molas Formation 

The Molas Formation was first recognized in south- 
western Colorado (Crom and Howe, 1905), where H 
forms a thin unit associated with the kar.st cronion sur- 
face at the top of the Mississippian limestone and 
beneath marine Pennsylvanian rocks Subsequently, it 
has been recognized at the base of the Pennsylvanian 
sequence in scattered localities throughout central Col- 
orado, and Henbest (1968) has described 
equivalent unite in Wyoming and New Maxioo. 
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bi tlw Minturn quadrangle the Molas occurs prin- 
cipally as a nUing in cavrs and rhannclways in the 
Leadville Limestone (ur Uulumilei, but lucally a few in- 
ches to a few feet of it lies between the Leadville and 
the Belden Formation. A few miles south of the quad- 
rangle the Molas reaches a thickness of as much as 70 
ft (21 m) in local areas, and at Leadville it is as much as 
40 ft (12 m) thick (Tweto, 1968b, p. 688, 701). Where 
invsent in such thjekneHes. the Molas coneiBts of 
reworked reKolithic materials and silts and sands from 
Other sources. Thua, thickness of the MoUu ia not a 
maaaure of amount or duration of weathering of the 
Leadville. Becaa'^f it is .so thin and di-^contmuous in the 
Minturn quadrangle, the Molas was not mapped as a 
•eparate fonnatioa bat wai included with the Belden 
Formation. 

In moet eipoiures in the Minturn quadrangle the 
Mtdas has been altered and bleached by hydrothermal 
action, and the bright yellow and red colors charac- 
teristic of the fonnatioa elsewhere are uncommon. The 
principal occ m rence Is as a fflling ia caves, which are 
expo.sed widely in the mine workings The Molas of this 
occurrence oonsista of sericitic ailt. clayey material, 
veiy flne grainad sandstone, and variabilis amouBts of 
ftagmental chert Except for some of the chert, these 
materials are bleached white and are soft and pasty, 
lli^r normally have a highly contorted, kneaded struc 
ture and evidently have flowed plastically independent 
of their competent wallrocks under the influence of 
bedding-fault movements and of gravitative adjust 
ments in the massive bodies of suJflde ores. This 
material is called "shaly lime" by the mine geologists at 
(Ktanin, thou^ it is not caJcarsous. 

Lenses of Molas lying at the top of the Leadville 
(Stratigrapluc section of the Belden Formationi are 
principaUy very fine grained sandstone, some of which 

is conglomeratic and contains pebbles of quartzite, 
limestone, and chert. In places a carbonaceous fossil 
soil sone is preserved at the top of the Molas, im- 
mediately beneath the basal shale of the Belden. 

The weathering and erosion that produced the 
regolithic Molas Formation destroyed some part of the 
strati^raphic record of the Mis.sissippian; therefore, the 
date at which the Molas began to acciunulate cannot be 
certainly fixed. Erosion probably began in Mississip- 
pian time, as rock.s representing most of the I'pper 
Misaissippian are absent over a wide region in Colorado 
and bordaring areas. The regolith of the Molaa. 
ho we ver, probably represents only the latter part of the 
long time span involved. In the Mmlurn quadrangle, 
the Penntyivanian marine transgression occurred in 
early Middle Pennqrhranian time. The Molas probably 
is not much older. 



PENNSYLVANIAN AND PERMIAN SYSTEMS 

The Mississippiun and older rocks ol ihv Minturn 
quadrangle and neighboring areas are overlain by as 
much as 10.500 a (3,220 m) of clastic rocks that are 
principally Pennsylvanian in age but Permian in the 
upper part. No physical boundary between the rocks of 
these two ages has been recognized, and as the time 
boundary is indistinguishable within unfosnKfarous 

red beds that con.^titute the upper half of the elastic sa- 
quence, the two systems are discussed together. 

The Pennsylvanian and Permian rocks were 
deposited in a long and rather narrow trough that cx 
tended from northwestern Colorado southeastward into 
New Mexico, ht central Cblorado. this trough lay bet- 
ween two highlands that were the source of the sedi- 
ments — the Front Range highland on the northeast 
and the Uncompahgre-San Luis highland on the south- 
west. Roth of these hi^'hlands were elements of the so- 
called Ancestral Rockies, elevated m I'ennsylvaman 
time. Within the trough, coarse clastic sediments were 
deposited near the bordering highlands, and evaporites 
were deposited in basins strung along the center of the 
trough. The regional distribution of these sediments 
and the general paleotectonic setting have been 
described by Lovering (1928), Lovering and Johnson 
1 933 Brill ( 1952), Curtis (1968>. MaUoiy (1968). and 
Hallgarth (1967). 

The Minturn quadrangle straddles the boundary bet- 
ween the depositional trough and the flank of the 
Paleozoic Front Range highland to the east. Thus, 
coarse-grained Pennsylvanian and Permian clastic 
rocks that cover much of the quadrangle wedge out 
rapidly against the flank uf the Gore liange, which was 
part of the early highland. The quadrangle also strad- 
dles the boundary between the clastic and the evaporite 
facies of the Pennsylvanian and Permian rocks, and 
thus the clastic rocks pass westward into gypsiferous 
Hne-grained sediments in the area where the Eagle 
River leaves the quadrangle. 

Many different nomenclatures have been applied to 
the Pennsylvanian and Permian rocks as A oonat- 
quence of their relatively great thickness, their len- 
ticularity, their facies changes, and the paucity of diag 
I noetic fossils in their upper half. History of the no- 
menclature has bam reviewed by Brill (1944; 1962) and 

Tweto 11949* and will be considered only briefly here. 
Shaly and limy strata at the base of the sequence were 
originally called Weber shale by Emmons (1682), and 
coars* ' Lstic rocks of gray aspect above them were 
called Weber grit. Eldridge (1894) applied the name 
Maroon formation to all the strata between the Weber 
shale (or limestone* and what is now recognized as the 
1 Jurassic Entrada Sandstone in the Crested Butte area. 
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In the Tenmile (Kokomo) area immediately aoutheatt 
of the Minturn <|uadmigle, figunane (1898) reetncted 
the Maroon to Uie kmer part of fhe red-bed iequenee 
alx>ve the gray Weber grit and applied the name 
"Wyoming fonnation" to the upper part of the red-bed 
seqaence. Hie term Wyomiog waa later abandoned, and 
the term Maroon was applied to all the red beds above 
the Weber grit (or "Wever? formation") in west -central 
Ooiorado (Johnwm. 1934). Brill (1942) propoaed the 

name "Battle Mountain formation" for all of the former 
Weber shale and Weber grit plus all but the uppermost 
part of the fbnner Kibroon. In dmng so, he distinguished 
the former Weber shale as the Belden Shale Member of 
the Battle Moimtain, and be applied the name State 
Bridge Formation — obtained from a report by Donner 
(1936. 1949) — to the uppermost and fine grained part 
of the red-bed sequence. In the preliminary Mmlurn 
report, Lovering and Tweto (1944) applied the term 
Ibroon Fonnation to all the strata between the Lead- 
ville and the IViaadc rocks, diatinguighing the Belden 
as a member. In the same year, Brill (1944) abandoned 
the term Battle Mountain, replacing it with Maroon 
Formation, and elevated the Belden to formation rank. 

On the basi.s of work in the adjoining Holy Cross 
quadrangle as well as the work in the Minturn quad- 
rani^, Tweto (1949) defined the Iffintum Fbrroation aa 
including the strata, about 6.000 ft '1.830 m i thick, be- 
tween the Belden and the top of a well-known hmestone 
unit defined as the Jacque Moimtain limeetone Mem- 
ber of the Minturn Pcnnsvlvanian^''* and Permian red 
beds above the jHtque Mnuniain were attsigned to a 
reetricted Maroon Formation In this usage, gypdferous 
strata were regarded only as facies of the three recog- 
nized formations, Belden, Minturn, and Maroon. In the 
GlenwQod Springs area, however, Bass (1958) and Bass 
and Northrop (1963) applied the aouthwesiem Col- 
orado name Paradox Formation to the main gypsum 
unit, and referred all Pennsylvania n rocks beneath it 
(except the Molas) to the Belden, and the pre-Triaasic 
red beds above it to the Maroon Formation. Subee- 
(luently, Lovering and Mallory 1 1962> assigned the gyp 
siferous rocks to a new formation, the Eagle Valley 
EVaporite, noting that with diaappearanee of the Jae> 

que Mountain Limestone Member in the "gypsum 
basin" immediately west of the Minturn quadrangle, no 
Uthokgic basis exists there for distinguishing the Min- 
turn and Maroon Formations. The Eagle Valley was 
later further described by Mallory <197l). 

In summary, the sequence of Fennsylvanian and Per- 
mian rock.s in the Minturn quadrangle is divided into 
three units: (Da thin basal unit, the Belden Formation, 
0-200 ft (0-61 m) thick, (2) the Minturn Formation, as 
much as 6,300 ft (1,920 m) thick, and (3) the Maroon 
Fbrmation. aa much aa 4.200 ft (1.280 m) thick. A 
fourth unit, the Eagle Vall^ Bvaporite, laterally 



equivalent to part or all the Mintion and part of the 
Maroon, ia nKognisable at the waatara boundary of the 
quadrangla but ia not diatlngniiihed m Hut map (pi. 1). 

■CUWN FORMATION 

Interbedded dark-grav t i M;i k shale, limestone, and 
sandstone at the base of the Fennsylvanian sequence in 
west-central Colorado was first designated the Belden 

Shale Member by Brill (1942, p. 1385). then thr BrHrn 
Shale (Brill. 1944, p. 624), and fmaliy the Belden For- 
mation (Brill, 1952. p. 812). The type section as desig- 
nated by Brill (1942) is in cuts Rlnnt: US. Highway 24 
on the north side of Rock Creek, upposiie Oilman. The 
name was taken from the station of Belden on the 
railroad in the canyon bottom below Oilman (flg. 8), 
and the station name was derived in turn from the 
Belden mine, in the canyon wall at Oilman. 

In the Minturn quadrangle the Belden Fonnation ia 
exposed only along the canyon of the Eagle River or 
near the mouths of tributary canyons, a.s of Turkey 
Oeek and of Bock Creek. In this area the formation ia 
about 200 ft (€1 m) thick but it probably wedgea out 
rapidly to the northeast beneath the Minturn Forma- 
tion, for it ia absent along the Gore fault, as is also the 
lower half of the Mntum Formation , Prom the Minturn 
quadrangle the Relden thins southward to as little as 2f> 

ft (7.5 m) (Tweto. 1949; 1953; 1956) and then thickens 
abruptly to as much aa 400 ft (122 m) at Leadville 

(Tweto, 1968b). Westward from the quadrangle, the 
Belden thickens to more than 600 ft m) (Brill, 
1944, p. 644, 653) and locally to as much as 900 ft (274 
m I Murray. 19.58, p. 50> As applied by Bass ( 1958i and 
Ba.ss and Northrop 1196.31, who extended it up to the 
gypsiferous unit they call<Kl the Paradox Formation, it 
is 600 1,000 a (183-305 m) thick in the Glenwood 
Springs quadrangle. 

The Belden (Fig. 10) consists principally of dark -gray 
to black shale and interbedded thin'bedded black 
limestone, hat It also contains thin ht&B of dark -gray 
fine grained sandstone and sandy mud.stone, and lenses 
of brown-weathering black dolomite. Locally, it also 
contains lenses of impure coal a few inches thick and 

thin beds or lenses of dirty brown anhydrite or gypsum. 
Proportions of the various constituents range widely, 
though dhak ganerally predominates. At the type see- 

tion the Belden contain? little sandstone, but 
elsewhere, particularly to the south, it contains abun- 
dant fme-grained sandstone and quartzite. 

Thf ()nsi- iif the Belden i.q sharpiv defined and 
generally is marked by black shale lying untonform- 
ably on Leadville Limestone (or Dolomite) or on the 
regolithic material comprising the Molas Formation. 
The black shale is the "caprock" of the mineralized 
area near (Silman; there, the contact with the Leadville 
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U quite irregular, owing not only to the karst topo- 
graphy at the top of the Leadville but also to low-angle 
faults along the contact and to slump collapse over a 
second generation of channels and caves formed by hy- 
drothermal action during mineralization. A porphyry 
sill of Late Cretaceous age lies within the Belden in the 
Oilman -Red Qiff area (fig. 181. The sill is 5-30 ft 
(1.7-9 m) above the base of the Belden and is 30- 80 ft 
(9-24 m) thick. 

The top of the Belden is marked in the Oilman area 
by a channeled surface above which are thick -bedded 
coarse-grained gray and green micaceous sandstones of 
the Minturn Formation (fig. 11). In many places, 
however, the contact with the Minturn is gradational. 
In such places the contact is placed at the level where 
sandstone and green gray micaceous shale begin to pre- 
dominate over black shale and limestone. 

In defining the Belden. Brill (1942, p. 1385-1386) 
presented a type section that does not clearly indicate 
the location of the top of the formation, or its thickness. 




PlCURE 10. — Belden Formation in roadcut on Ui) Highway 24. 1.2 
mi (1.9 km) north of Oilman. Lower part of Minturn Formation is 
•spoMd in cliff at upper left. 




Fict;«B II. — Channalvd contact (at man'a hand) between thin-bed- 
ded rocka of the type MCtion of the Belden Formation (north of 
Oilman) and ovariyinf thick-b«ddcd aandatone of the 14intum 
Formation. 

The following emended type section corrects these 
shortcomings and illustrates in greater detail the 
character of the Belden. 

Dneiuied type tection of the Btldtn Pbrmation and ttction of the ItoUa 

Formation 

ISkim niMawTd aloni I! S Hi(l><M; 14 oa Ui« nonti mim <A Rock Cnmk^ 0 25 tni i400 
iMfth of Otlowfi HwtHm baffUM M I' dupAd Iwiid in higtiway ■! Rock Clrwk aadutmrft 
wwc aowUiwMt aAefic higliway to lof of Im4*iIW Oblonlu •! mrr« wlitfr* highway lunM 



Minturn Formation: 

Arkoeir landMonc and conflomeratic grit 
with iiparae quartt pebble*. 

Scour and-fill contact 

Belden Formation. 

27. Clay shale, dolomitic ahale. and 

dolomite, interbedded. Shale ia dark 
gray to grayish black, except some 
layers at top are dusky red to dark 
olive gray; is noncalcareous and 
•lightly micaceous, except highly 
micaceous at top. Some of shale beds 
cut across underlying beds in troughs 
as much as 3 ft deep, making pinch- 
and swell structure. Dolomite is dark 
to light gray and in bed* 3 - 12 in. 

thick 

26. Shale, bluish gray lu dark gray, thin- 

and irregular bfddfd. noncalcareous 
25. Shale, dolomilc. and mudsiCDne, 

interbedded Shale i» dark gray to 
black and fissile. Dolomite is mottled 
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Smtndtd lypt ttfticn of Ihe Brlden Ftmatim wtdtttttatt of the MWm 
FormaiMD — CMitiatnd 



Biildtn Fbrntlion — Osntiattcd 

2S. Shale, dolomite, mdmuditoiie—OimtiniiMl 

light pinkiah gray and light gT»y . 
weathers ydlowish bn>wn to U^hi 
orange hnmn. ib thin bvddcd, vuQQr, 
and medium grainvd. occur* in bed* 
3- 10 in. thick. Lowvr 2'/i fl of uaiti* 
olive-gray dolomitic ahale and 
mudatone. Produclid brachiopod 
}4H 



mOmt light 

yellowish brown and yellowish gray. 
Shale ia calcareous, micaceoui, and 
laminated Seme la crjrataUilW; la 

beds 3 6 in thick 

D>3lt)mite- rt'crvstalli jed. calcitic, light- 
gray to white; contains many small 
vuga lined witbeMtraa ofyelaleor 



SI. Bta 

Shale it dark oil** pay 10 gngrfik 
Mack, fiaale. and finely mieaceama. 

Limestone is argillaceous, dense to 
very Tine grained, and medium pay, 
weather* light olive gray; ia mediUB 
beddrd hut brt>ak« into t in 

rhotn hi L blue kj< 

20. Sandy hmeslone, medium -gray; 

weathers tan : is thin bedded. Quartx 
•and 1* fine to very fine grained and 

moat abundant at ta^ 

19, abate, ewnewhatcakwawia, and miwar 
intarkeddad platy daiemitlc 
Mnaalana. Shale ia alievfnv; 
tMathera light olive grar, ia Odn and 
irregular bedded, la fiaaile and 

micaceous near top 

Limeatone. yellowiah-br L ati (< lualyr- 
red. thin-bedded; lower part is 
micaceoua; contains fragmenta of 
■hale ■/< - V< in. in diameter, and 

■mall amount of fine sand 

17. UmaalaBa and abate intatbaddad. 



la. 



tn.tobandadl 

Shale is olive gray to dark gray 

16. Covered tone, moatly dark thale and 
minor limestone. . . 

16. Shale and lim««tunr Shuk medium 
gray; weal hi li;;hi. p-ay, la fiaailc. 
Limestone in d^rk to v«ry dark gray, 
in beds 1-6 in. thick; makaavp 
about 10 percent of unit 

14. LiBoataaaiadehale Limeetoneii 
aadituB gray: naathete Ugjht eiufa 
bram: la daoaato waiy HiMiniBad 
and this to aadiiuii kaddad. Shate ia 
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Bueidtdtjpeaiaioiioflht Btlden FormaUon and 
Formation — Continued 

Belden Formation — Omtmutd 

14. Limeatone and ohale — Cantinucd 
madlimi gray; weathan modim 
orange brown: is most abundant in 

lower part of unit 

13- Limeatone denar. medium-gray to 
medium uhve gray; weathers olive 
(frav to yellow brown and blocky, 
except lop 1 fl vreatbera rounded: 
&in bedof dark-grayahatoia 

middle of unit 

12. Limeatone and shale. Limestone ia 
dark to madiiiD gray . denae 10 vaiy 
liaa painad, and tUn to madlvm 
baddad; eoayaaaa 90 poveaM afiiail. 
flbalt ia laiy darit gray to blaek. and 
vary thin bedded to ftseile 

1 1 . Shate and I imestone, dark -gray ; 
weather light orange brown; 
limeatone i* platy, in 1 • to 2-in- beds. 

10. Modntonr and limeotone, clayey, dark 
bluish-gray; weather olive brown, are 

thin bedded 

9. Shato and Umeetone. mterbedded, are 
dark to vaiy dark gray Sha le i« 
noncakarcauaand fiaiiie. Liaiaitaaa 
iadema tofina grained, thin to 
medium kaddsd, and haa flaggy to 
pUty fracture; 2-ft kedoTlimcelane 
at lop weathers vellowish brown. .. 
8. Limeatone. dark-bluiah-gray; weathers 
yellowish brown to dark brown, 
sompwhat speckled with black: is 
dense to ver\ fine grained, and 
medium bedded, has irregular upper 

and lower surface 

7. Siiale. dark-gray to dark -greenish- 
brewa; waathan gray to brawn; la 
lamfawtodtovaiythla-badded. 
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7.0 103.0 



4.0 OO-O 



17.0 as.0 

SJO 77.0 
7J> Toil 



MA BOA 



ers light bufT brown to light 
brownish gray; has thin, irrcgtilar 
bedding. . . . , . , 
Shale, limeetnnt-. and shale chip 
congloRirrutf .Shale is black to 
brownish lilack : wiMitht^m black to 
gray; ii> fiH.iiU'. in top 1 ft of unit, ia 
greeniah gray, limy, and ointaina 
I nagmenta a* much as Vh io. 
I and >/« in. thick. limaatona ia 
btack: wcathen Ughnyallew brawB to 
KgM ecaagnkiown;iatMa to 
medium bedded with irreguUr 
bedding mnfacea; is aonewhat vtiggy. 
Unit iiee on porphyry sill 

Porphyry ain, light -gray to oranfe-gray or 

pinkiah gray; weathers btlffto yellowish- 
gray Appmximate thickne^a of about 60 

ft ' I ^• ni I IS ri'it in., ludcd m the 
Btraligraphic dijitance!* 

, Shale, black, contoitad; 
porpihyiyaill 
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Bmentictl Jvpr jtrrtMJO of the BeUm FormatUMt and ttitiwi nj Iht Mi>!a* 
Arnwfim— OMMimwd _ . 

Md.'ti Fiir;i:.itinii C'diitiniifd 

3. LitneiUsnt; andahaJe Limpstoni' i» 

madiutn lo v«ry thm ^H'dd«^d or 

laminated; is in tayern 6- IS in. thick 

separated by shale partings; omUiM 

echinoid spine* 3 ft above base 7.0 32.0 

S. Shale and sandstone, interbedded. 

Shal* ii grajrith Mack; wMtthm dark 

gmr> i> fl>i>l* tUa hmI 

imfidM badM. SmMoMia tek 

gray, is thill koticularbada. IBjO 4.0 

1. nuilaaiidliaiMUnie.dark-fra3rto 

black, thin- to mediuiB-bediM. 8iaU 

is pUty and irregular bedded. 

Limestone is shaly and slabby 4 .0 0 

Total measured Ihif knniaBfthB 

Belden FonnatiOB 188.0 

Broaionsl uncimfiirtriily 
llota* Furrr^atiun: 

Bagolithic mudstone and chert; uppermost 
kyar is Osaile carboaacaaoarfiiletlwt 
aonasuoldsoil 2.0 

Baoditone. coogloaientic whita. Matrix ia 
vaty fiaa^aiiiad,«*U4«rtad9iuts Nitd. 
ra bb l ia ara whita quwtaita. blaich Mmaatawa 
and dolomita, andanbardinatoelMft, *A — S 
in. ia dta meter 4i,0 

Total aaanrad tlw 



arLaadnila DabunuiMBg tO-16 ft CS-4.S 
m) above general level of formation: lialaata 
the depreiaiont between pinnaclca. 



The Belden Formation i.s moderately to highly 
fossiliferouB. On the basis of its fossils, it has been 
Msign«d agw nnging from late Ekriy Pennsylvanian 
to rrii;!(!li Middle Pennsylvanian, or from Morrowan 
through Atokan to Des Moinesian. Brill (1944. p. 626) 
aatigned it a Dm Mirine^ui (ClMTokee) afe baied on 

collections from unspecif:pd l-calittes in west -central 
an«i north weatern Colorado. Henbesl (in Thomas and 
Others, 1945; also in Henbest, 1946) and Thompson 
(1945) a8siR:ned at least the lower part of the Reldcn in 
the Glenwoud iSprings area to the Morrowan. Emtn and 
Northrop (1963, p. J35) con.sidered the lower 600 ft 
(183 m) of the Belden in the Glenwood Springs area to 
be Morrowan in age and the remainder to be Atokan. 

The Belden of the type section near Gilman and of 
nearby localities in the Mintum and Holy Cross qiud 
rangles is dassed as Atokan (early Middle Pennsylva- 
nian) in age by Mackenzie Gordon, Jr., and E. L. 
Yochelaon of the US. GeologicBi Survey (written com* 
mim.. Feb. 16, 1966), baaed «n atudiea of eight oollec- 



tions of megafossils. The fossils reported by Gordon and 
YoehalMn are lilted in table 4. Tbair atateiiMnt ftUoira: 

nia Balden Shale at ita type aaetion ia ratativaly Ibaalliftfoua 

ihn>uRhuut. but the Toftsils are not iuRieiently short-ranged to deter- 
mine a preciiie a^e. Neverthelesa. it is possible to arrive at an approx- 
imate age for thi-^ rnrm.f.ior Kirvt. thu atis<.>ncf ty[>icnl Des 
Moinesian brachii.ip-,.d --pocR-v, sui h <i> l>:nninin<\iiti ntur\i aUnii i Dim- 
bar .%nd (^-ndra .ind Mt' yclo^;*-^ ni>-s'>!i>^u^ iNi>rwiHid ;ind Pr.itlt-r^' in 
the Belden. as well as the presence ol Fusulinelio ul late Atokan age 
in the overlying Mintum Formation eliminatea the possibility of Des 
Moinrsian aKe for the Belden in the Mint urn quadrangle. Brill (1944( 
p 6'26> BMiiRTied a Des Moinesian (Cherokeei age to the Belden, but 
hia faiuial list from imaiMCifiad kxalitias iadndaa ipaciaa that wa 
haw not Taujid In tha type Bddrn Sbala. it wndd aaaat Ukaly, 
iharafof*. that Brill'i IbMlto came Rmn araaa mbtrv Belden 41ka 
tithdiogy includea neka of Dea Mainaaan afe. In a later paper. Brill 
1 19.52. p 81. 5i aligned « late Morrowan age to the lower part of 
the Bflden a« far «iuih «s« Olenwniud Springs He assigned an early 
Des Moinesian iCherokeei age to the uiiiM-rfiio-ii p;irt ,0 WTiiski v 
("reek PaK.H. Sangre de CriMo Mountain-, mid r,i.i!<-d ihni iln- FU-ldi-r. 
seenLi to be a fat u-^ itiai i rn-..-t«-^ iinu- ll[^>■^ 

The fauna of the Belden Shale in the Minturn region does not con- 
tain elements typical of either the faunaof the typa Morrow Sariaa of 
Arkansas or uf its Lower Pennsylvanian equivalents in tha Graat 
Basin in western Utah and Nevada. Ute nearest afTinitiea are to be 
fimnd in the fanna of the upper Pattaville Fbrmatioii «f Ohio and «f 
the Kanawha Member in the nppar part of the Mtaville Formation 
of Wmi Virginia Of in tau Itaiad la table 4 that have been eithar 
definilrlv ur questionably identified to described species, 10 occur in 
t hi upper PoltBville of Ohio. A common BLidt-n spt-t its li.is ijfcn oom- 
piin d with AvKulitpivlfn mglmsif iFriit i of tht- KAr.a\*tiii Forma. 

tiMll 

Ihe available evidence points lu an Atokan age fur tiie typ« 
Ik-lden, though it is not conclusive. Similarities between this fauna 
and thai of the upper Pottsville may be controlled in pan by faciee. 
The poasibillty that the l<iwer part of the B«idan mlglit ba oTlata Misr- 
niwan age cannot ba aUmmatcd entirely 

Extensive search for fusiilinids in the Belden of the 
type section and neighboring areas by L. G. Henbeat, 
Ogden Tweto, and others was generally fniitleaB, 
although Henbeet fouMi very apane MiUtreUa ap. 
together with Endotkyra sp. and Omigia or (Hrvanetta 
sp about 55 ft 1 17 nil alxive the Leadville Dolomite and 
4 ft (1.3 m) below an ostracode-bearing limestone in the 
t3rpe section of the Belden (L. 6. Henbeat, written oooi' 
mun .Oct. 2. 1958>. As noted byTTiomp.son (1945, p 421 
and Henbest (in Bass and Northrop, 1963, p. J40), the 
mere preeence of MUereUa does not prove a Morrowan 
iific. Henbest (written conunuDi. Oct. 2> 1968) conduded 

follows: 

No significant fur.immifi r.i! uli-ru i- mi iKi- n^r nf thf LVIden 
.thale in the vicinity of t/ii- typi- M-iiinn h.i.s li<-<-n rmind porioniniliTii 
indicating l^rlyi?i Henn.^ylvanian age have iiccn reported, by me. 
from (ilenwtK>d Springs and Wellsville on the Arkansas River below 
S^ilida. °rhe evidence from laner foaails for a Middle Pennsylvanian 
<K't ')f the Belden at the type aection i> not poaitive. but I think thatH 
has greater weight than an a|e determination based solely on cor 
rdationa with the Wellavilta and Glenwaod Stwtngi araaa. la olhar 
words, the Bctdaa ahale may, and prebaUjr dew, dinbr lecaUy la aga. 
At the type aaetion, a Mddie PniMylvainsn aga i i ami mait Kkaly. 
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As shown on .in isopach map by Brill (1944, fif! 2' thf 
Minturn quadrangle is high on the side of the trough m 
which the Belden was deposited, and. as previously 
noted, the dcpnsitional marpin oflhi^ Rt lden must lie no 
more than a k-w nults ea.st of the type section. The age 
relation.s previously discussed are in accord with this 
distributional pattern . Near the center of the trough, in 
the Glenwood Springs area where the Beiden is thicli. 
the lower part is Morrowan in age and the upper part is 
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Atokan. In the Minturn quadrangle, where the Belden 
is thin, eediinentation b^gan later and only strata of 
Atokan age wnrc deposited. 

MINI I RN K)RM \ liO.N 

The Minturn Formation comprisies as much 6,300 
fit (1.920 m) of clastic rocks and sidxtrdinete interhed- 

dcd carb<>nal<' rockn of Pcnnsylvanian a^'e lying above 
the Belden Formation and below the Maroon Forma- 
tion. Except as covered in places by the Maroon Fbrtna'^ 
tinr. ihc Minturn nrrnpio?^ almost n\\ tho f»rt»a hftwpt-n 
the Eagle Ki\fr and the (.iore fault, and it i.s thus the 
nuMt widespread geologic Unit in the quadrangle. Seg- 
ments of the formation are well exposed in the walls of 
many of the canyons (fig. 12t, but exposures are 
generally poor in the intercanyon areas. Thus, the for- 
mation is not exposed in its entirety in any one place in 
the quadrangle. 

The main body of the Minturn Formation in the Min- 
turn quadrangle is a coarse clastic facies lying between 
a shoreline of deposition along the flank of the present 

Gore Range and a fine ^'rained and evaporitic facie.^ 
just west of the quadrangle. The formation thins in 
both these directions. Toward the Gore Range, which is 
at the western edge of thf late Paleozoic Front Range 
highland, the formation thins by onlap, or the «hin- 
gling'Out of lower beds against the old highland. Near 
the Gore fault, thf» entire lower half, or more, of thp for- 
mation is missing, as discufised in a following section. In 
the oppo.site direction, toward the evaporite basin, the 
thinning is far less pronounced and is internal, a.'^ 
shown by diminishing thicknesses between carbonate 
marker beds. 
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Figure 12. — Lower part of the Minium Formation, in clifTs on the east side of the Eagle River near Two Elk Creek. Vertical diaiance from up- 
per nwitchback in highway to skyline is 1,200-1.400 ft (36S-427 ml. 



The clastic rocks that make up the bulk of the forma- 
tion are varied but in general are highly arko.sic. coarse 
grained, and poorly sorted. They are extremely lenticu- 
lar and many of the beds or lenses change rapidly in 
lithology in short distances. The rocks are also p<K)rly 
exposed over wide areas. Consequently, the clastic 
rucks present great difficulties in the tracing of 
stratigraphic levels and the determination of detailed 
geologic structure. In contrast, the limestone and 
dolomite beds interbedded with the clastic rocks are 
relatively persistent and are moderately well exposed. 
They constitute the only reliable stratigraphic markers 
in this thick formation. Though only a few of the carbo 
nate beds have proved to l>e widely persistent, many 
others serve as local markers useful in stratigraphic 
bridging from area to area. In mapping, nearly all the 
principal carbonate beds were "walked out" as a means 
of establishing stratigraphic control and determining 
the presence or absence of faults. 

SI Bl)l\ lsU)N 

In defining the Minturn Formation, Tweto il949> 
designated seven of the principal carbonate beds or 
zones as members in the Pando area ifig. lUi. The lower 



three of these — the Wearyman. Hornsilver, and Resolu- 
tion Dolomite Members — at about 2.600. 2.900, and 
3.700 ft 1 793. 884. and 1.128 m). respectively, above the 
base of the formation, were newly named at that time. 
The upper four — the Robinson. Elk Ridge, White Quail, 
and Jacque Mountain Limestone Members — were 
named earlier in the adjoining K«)komo district, where 
they are the host rocks of ore deposits • Emmons, 1898 
Koschmann and Wells. 194H). The Jacque Mountain 
the highest persistent limestone in the Fennsylvanian 
Permian sequence, is the uppermost unit «)f the Min 
turn Formation and defines the top of the formation 
•Tweto. 1949>. 

Not all of the seven carbonate members are persis- 
tent throughout the Minturn quadrangle. Further, the 
members were defined in the Pando area after most of 
the mapping in the Minturn quadrangle was completed, 
and no attempt was subsequently made to trace each 
t»ne through the Minturn quadrangle. r4msequently. 
only the Robin.son, Jacque Mountain, and — ^to a lesser 
degree — the White Quail are distinguished widely on 
the geologic map ipl. ] i. The other members are dis- 
tinguished locally. In the Robinson, which consists of 
several lime.<;tone bed.s separated by clastic rocks, only 
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the thickest and mui>l pruminent beds are dis- 
tinguished. Tli«se beds are not necessarily the bound- 
ing carhnnat*' heds of tlir mcmtHT 

Clastic riK.k» liclwecn the variuuii carinmate buds m 
members are all generally similar except that some uf 
them differ iti culor. and some units have either more 
massive or ihuiner bedding than other parts of the for 
mation. For purposes of reference, the clastic rocks are 
divided into lettered units A — H, bounded by the carbo- 
nate members or by certain carbonate beds of more 
local occurrence, as indicated in figure 13. 

Attempts have been made in the past to subdivide the 
thick cieqtience oTP^nnsylvanian and Permian rocks in 

the reciun on thf fiasi-^ . if (.-oliir. a> --iiciir uf thi- riick> aft- 
gray and some are red. but the culur boundaries migrate 
stratiRraphically by as much as hundreds or feet in 
>hiirt di-^tances and can be «mly indefinitely l<>i ati d m 
thick zones of interl)edded red and gray rucks. I hus. ex- 
cept in a very general way, color is unreliable as an in* 
dicatr.r nf stratitrraphic pn^itnin The Minturn Forma- 
tion IS predominantly ^rav, ur pale tints of g'^i'"- 
yellow, and pink, but it contains a dull red /one in its 
lower part and a zone of brighter red at its top. In the 
middle part of the Minturn quadrangle, the lower red 
zone extends from about 375 ft *114 m< above the base 
of the Minturn Formation to about 1.075 ft <328 m > 
above the base; the lower half of this zone is almost en 
tirely red. and the upper half is alternating red and 
gray. In the Pando area a few miles to the south, in con- 
trast, the lower red zone occupies the interval between 
r>()0 and 1 ,000 ft < 152 and 30" rni above the base of the 
formation (Twvto. id49, p. 194. 22U -222). Similarly, in 
the Minturn quadrangle, the upper red zone lies about 
4 T'O ft 1.450 m> aljove the base of the formation and 
consists uf 700 A i2I5 m> of alt«)rnating red and gray 
rocks overlain by 800 ft l245 m> of almost entirely red 
nirks, In the Pando area (Twcttr 1949i, the upper ri-d 
zone lies 4,300 ft 1 1.310 mi aitDve the base and consists 
of about 600 ft (1H5 m) of alternating red and gray 
rocks overlain by about 950 ft (290 mt of entirely red 
rocks. 

I IIIIOI I H.S 

Exclusive of the volunu'tncally minor carbonate 
beds, the Minturn Formation consists of interbedded— 
or interlensi-d — grit, sandstone, conglomerate, shale, 
and siltst«)ne. with grit the predominating and charac- 
terizing ruck type. As applied here, grit is coarse 
grained, poorly .sorted in size and shape of grains, 
markedly feldspaihic. generally micaceous, and (Viable 
to firmly I'emented. In most of it, a conspicuous fraction 
of the grains is very coarse sand < 1 2 mm in diameter', 
and much of it mntains abundant particles of granule 
size i2 4 mm', i- 11 a- ^ iiNred pi-hhles. or ex en ci.lv 
bles several inches in diameter. Quart/ i.s the muM 



I abundant constituent, but a large fraction of the grains 
is pink feldspar (micFoctine) derived tram Pirecambrian 
pegmatites; plagioclase also is an abtindant but loss 
conspicuous component. Many of the feldspar grains 
arc sharp edged cleavage fragments. Coarse, ragged 
! flakes 1)1 (ii ii ital inuscovite are common in the grit: 
: tlaki s n! dark iiiica are .somewhat less common. In a 
ztmv roughly 500 - 2.500 ft ( 1 50-760 m) above the base 
of the Minturn. the grit also cuntain.>? rather abundant 
particles of dark green chlorite phyllite. Pebbles in the 
, \;r\l an- iii.iinly qiuirt/ i>t the liull quart/ ty[K'. dorivt-d 

ifrom Precambrian pegmatites and quartz veins, but 
some are feldspar fragments or rocks of various types, 
such as pegmatite, granite, and gneisses The pebbles 
are well rounded to sharply angular. Pebbles of sedi- 
mentary rocks are rare and are found principally in the 
lower part of the formation 

Most of the sandstone in the Minturn Formation is 
also feldspathic, micaceous, and poorly sorted: it differs 
from the grit only in being finer grained and. com- 
monly, in having a .smaller proportion uf angular 
grains. Though some relatively pure quartz sandstone 
IS present in tht> Mmtiirn. particularly in the lowermost 
part, most ol the sandstone and arkose by the 

definition of Pettijohn (1957. p. 291' Some beds of 
sandstone and grit contain abundant dark rock and 
mineral grains and might be called graywackes in the 
old sense of the term, but they lack the fine grained 
matrix that is nowadays implicit in the term (Pettijohn, 
1957. p. 301>. Petrographic study by Boggs il966. p 
14 14* of 68 satnples of sandstone shtjwed very wide 
ranges in mineral compositions and a mean composi- 
tion among the detrital grains of S0.5 percent quartz, 
34.3 percent fi-ld-iiar (i.4 percent riiicas .T percent 
rock fragments, minor amounts uf mud coatings and 
heavy minerals, and a trace of clay minerals. Bogjgs 
found that the i enirni i> (-iipniinant^N i .ilcLie l>ui k silica 
in some samples. His samples apparently came from 
along Gore Creek and westward along the Eagle River. 

where rocks of the Minturn ;ire generally finer grained 
and less feldspathic ih.m ttu.sf to the south. 

Mostdialea and silt • r t s nf the Minturn Formation 
are micaceous and sandy, though some gray to black 
j day shale is also present. Some of the micaceous shale 
contains as much as 50 percent of detrital mica in 
flakes 1 3 mm in diameter. Sand and silt in the shale 
and siltstone are generally arkosu-. Boggs il966. p. 
I416t made X-ray diffraction studies of 26 samples of 
these rocks and found illite present in all samples, 
chlorite in about half the samples, and mixed-layer 
' da \ s III s e \- e r a 1 . N > li i - 1 r e I e k a o 1 i n i t e or 
I montmunllonite were found. In a broader study of the 
I day mineralogy of the Pennsylvanian rocks in central 
fill I.I Kaup tl9f>r; fnund that the clay iiiiiu-rals in 
, the liner grained rocks of the Minturn Formation are 
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Figure 14. — Dolomite in the Minturn Formation in the Pando area. A. Ooosbedded gritty dolomite 200 fl (60 m) below base of Robinaon 
Limeatone Member, 0.5 mi lO.B km) aouth of Mintum quadrangle boundary. & Conglomeratic dolomite, a local faciea of the Homailver 
Dolomite Member. 1.5 mi <2.4 km) aouth of Mintum quadrangle boundary. 



domtnantly illite, mixed-layer illite montmorillonite. 
mixed-layer chlorite-vermiculite. and. in the lower part 
of the formation, some kaolinite. The clay and mica 
fractions in the samples tested ranged from a trace to 
100 percent and averaged less than 50 percent. A suite 
of 12 samples from near Oilman came mainly from the 
lower red zone in the Minturn. 

Carbonate rocks of the Minturn Formation exhibit 
many unusual lithologic features resulting from the 
coarse -clastic environment of deposition. Almost all the 
carbonate beds are locally sandy or gritty, or even cc»n- 
tain pebbles. Many grade laterally into grit, conglomer- 
ate, or sandstone, passing through such odd facies as 
conglomerate made up of quartz and pegmatite pebbles 
in a matrix of dolomite, or dolomite containing 50 |H«r- 
cent by volume of coarse arkosic grit ifig. 14t. The car- 
bonate rocks are also prominently micaceous in places. 
Extreme examples are biotitic limestone that contains 
as much as 10 percent detrital biotite in a matrix of 
otherwise pure limestone and "schistose" muscovitic 
limestone that contains so much muscovite in coarse 
flakes oriented parallel to the bedding that the rock 
resembles a coarse mica schist. 

The limestones of the Minturn are in part very fine 
grained or sublithographic and in part calcarenitic, con 
sisting of limestone grains and fossil fragments. Must 
limestone beds or units contain both of these varieties. 
Boggs 11966). using the classification of Folk il959i. 
classified most of the limestone as micnte (lithified car 
bonate mud), biomicrite (carbonate mud with small 
fossils or fossil fragments), and oomicrite loolitic carbo- 
nate mud). In a detailed study of the Robinson 
Limestone Member, Tillman il97li identified four 



I main facies of limestone: <1) oolite. (2) tubular 
I Foraminifera micrite. <3) phylloid algae facies of 
biomicrite. and <4) stromatolite facies of laminated 
micrite. Bedding planes in the limestones are typically 
rough and scaly, and many near the tops of the 
limestone units are coated with films of yellowish- or 
greenish-gray argillaceous matter. In places, such bed- 
ding surfaces are studded with small fossils, such as 
fusulinids. Some limestone units ItKally contain chert. 
Most of the limestones are bluish or brownish gray on 
fresh fracture, but they weather a distinctive light 
bluish gray. In this respect particularly, the limestones 
closely resemble those in other Pennsylvanian forma- 
tions of the region, as in the Hermosa Formation of 
southwe.siern Colorado and in the Madera Formation of 
northern New Mexico. 

Dolomite in the Minturn is of three main varieties: 
( I ) Evenly and generally thin -bedded, finely crystalline, 
dark -gray to black dolomite, most of which weathers 
brownish gray: t2' ma.ssive. vuggy, light-gray to black, 
brown -weathering, crystalline reef ( biohermal ) 
dolomite; and t3i coarsely crystalline, light gray, buff- 
to tan -weathering, vuggy hydrothermal dolomite 
formed either by replacement of limestone or by 

' recrystalliitation of earlier dolomite. The thin-bedded 
dark dolomite is generally in layers only 1 5 ft lO..*} 1.5 

I m) thick. This dolomite commonly is interbedded with 

I black shale, and many of the dolomite beds grade on 
strike inio black shale. Some of the dolomite contains 
abundant black chert, either as long lenticles or as very 
irregular, scraggly bodies. Also, some of the dolomite is 
appreciably phusphatic. for it reacts strongly to the 

I qualitative ammonium molybdate test for phosphorus. 
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PENN5YLVAN1AN AND PERMIAN SYSTEMS 

The doloinite raefs occur either as isolated bodies sur • 
rounded by clastic rucks or as abrupt bulRes on thin 
layers of twdded dolomite or limeatone. Most of the 
reefs have steep and ragged side*; a few have smooth 
and nearly vertical sides ahuited bv coarse grits. The 
reefs arc typically a few hundred feel in diameter and 
25-100 ft m) high. Ibwever. some are as small 

as 25 ft i7 5 ml across and 5-in ft il 5 3 pt h\nh. 
others are as large as 1 mi i 1.6 km) m diameter. The 
largMt reef in the quadran^e. partly exposed in the 
bottom of the valley of Two Dk Creek 3 mi<4.8 knif 
above its mouth, has a visible thickness of almost 500 I t 
(152.4 ml and a maximum horizontal dimension, in- 
cluding a projecting lavt r, of alH)ut a miltv This and 
many other reefs coiUain abundant Umsil tragmtnts. 
particularly in their outer part, some contain areas 
with ooncentncaUy laminated algal structures. The 
reefs evidently were deposited as algal and biuclasiic 
limestone, and were subaeqwently doloroitized. perhaps 
diagenetically. 



SI.DIMKM U AH kl s 

Many of the lenses of clastic rocks in the Mini urn 
Formation are crossbcdded, some of them spec!.icuJariy 
so. Most of the cru^slvedding is high -angle, medium- 
scale planar in the dassincation of McKee and Weir 
(I953K but simple and trough crossbedding also occur. 
Scimr siruciun-s, in addition to those recorded by 
planar crossbedding, are common also. The scours are 
of two iteneral magnitudes: (1 1 small filled channels cut 

as rnuch as sevoral fet-t into underlying .str.it. i, and i2» 
channels hundreds of feet wide— seen in cliff ex- 
posures—filled by entire beds or lenticular bodies of grit 
or conglomrralf 

Other sedimentary features present in some of the 
rocks are ripple marks of various kinds and sizes, Riud 
cracks, tnud chip conglomerates, small clastic dikes, 
raindrop impressions, and, rarely, salt casta. 

n ff sK HON 

In defining the Minturn Formation. TweUt a949» 
designated the cliffs and area east of Minium as the 

type locality but did not [n i'srnt .i t s (it> ,section 
measured at that locality. Instead, he presented a 
represe n tative section measured in the Pando area, 
about 10 mt km' to the south. In 196M, T S l^jver 
ing measured a detailed section of the Minturn at the 
type locality, presented at the end of this report. That 
spction is horp Hf's-iiinatcd thi> tvpf section nf the Min- 
turn Formation, and the .seciuin in tht* Pandn area 
iTweto. 1949. p, 207 227 1 is designated a reference sec- 
tion. The main features of the two sections are com> 
in figure 13. 
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over a horiamntal distance of several miles in rocks that 
are shingled against an old highland, the thicknesses 
measured in the (jrpe section are not necessarily a 
measure of the thickness of the Minturn at any given 
locality. As shown by cross sections (pi. 1 1, the distance 
between the Robinson Limestone Member and the base 
of the Minturn Formation decreases northeastward 

toward the Gore Ranj;e. This Is due t(i progressive 
pinchout eastward of clastic beds in the lower part of 
the formation. The western boundary of the area 
affrrtpd hy this pinrhinp is not known hut i>! almost cer 
tainly west uf the oulcropss i>f the major limestones. 
Therefore, the vertical distance from any given horison 
to the base of the formation probably is Icss in most 
localities than that indicated by measurement of 
stratigraphic thickness along a horimntal course. 

CLASTIC t'SIT A 



Because the type section was necessarily measured 



The basal unit of the Minturn Format ion. here refer- 
red to as clastic unit A, is characterized by relatively 
fine-grained and evenly bedded clastic rocks. The rocks 
of thf unit constitute a transition zone hrtwoen the un- 
derlying shuly and limy Belden Formation and the 
overlying coarse grained, lenticular, arkosic grits of the 
main b»)dy of the Minturn Formation. Unit A is ,17.') fi 
(115 mi thick in the Minturn type section and about 
500 ft (150 m! thick in the Pando section. It consists 
largely of green-gray and tan sandstone and shale but 
includes many thin beds of dolomite and a little con- 
glomerate. Grit Is isseiuiallv absent, thereby dis- 
tinguishing this unit from the remainder of the forma- 
tion, and the sandstones and conglomerates are less 
feld.sp.Khii than those in ovi rlying rocks. Raup (1966i 
found appreciable kaulinite in the shales of this unit, 
just as in those of the Belden Formation below. 

<:i aktk: I'MT II ANI> TllK lM>u>Mri'i: w.n ixmoK 

Clastic unit B. about 650 fi i200 m) thick, con.sistsof 
grit, sandstone, shale, and oongtomerate tying between 
unit A and the top of a distinctive dolomite bed here 

referred to as the dolomite bed of Dowds. (Named for 
Duwds siding near the junction of Gore Creek and the 
Eagle River.) Unit B corresponds in general to the lower 
n (I /Dne in the area nr ii Minturn and is characterized 
by alternating thin and thick strata. The dolomite bed 
of Dowds is about 6 fk I2 m> thick: it is mottled greenish 
gray and black and is cherly. This bed ofdoloinite is the 
lowest carlionHle bed in the Minturn that i.s persi.stent 
and distinctive enough to serve as a stratigraphic 
marker. 

t LVsm: I Ml C 
ANI> THK Rr.V.V IXIUIMITK OK I.H>\sl IR.\|l 

Cla.stif unit C. about 450 ft 1 1H5 nii thick, consi.sts of 
strata between the dolomite bed of Dowds and the top of 
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Figure 15. — Dolomite reef in Mintum Ponutiaii at Laonaluwi, on 
steep alop* abova IfiBtnra. NoU •bnipt UrmiMtimi to right (ar- 
row i 



a reefy dolomite ione referred to as the reef doloniile of 
lionshead. Unit C w similar in lithology to clastic unit B 
except that it is gray rather than red and cnnljiins ,i few 
thin lieds of dolomite. The reef dolomite of l.ionslu ad 
ronsist> iif di.screte reefs struni^ at intervals ainnj; a 
thin and otherwise inconspicuous bed of dark dolomite. 
A typical reef in this unit forms the landmark of 
Lionshead on the slope above Minturn ifit;. 15i This 
reef is 48 ft (14 m> thick but abruptly pinches laterally 
to two thin dolomite beds separated by several feet or 
grit. 

(:lw\STIClXITI» 

riastif unit 0. ahmit 1.000 ft i305 m' thick, con.sist.s 
of ma.ssive ^nls and eiinnlomcral»'s hi-twi'en the reef 
dolomite of l.ionshead and the top of a mas.<ive grit bed 
about 200 ft t60 ml thick that is persistent through the 
cliffs on the east side of the Eajsle Valley from Two Elk 
Creek to Gore Creek (jjrit marker bed of pi. 1 1. Clastic 
unit D constitutes the most massive part of the Minturn 
Formation . Many of t he thickest beds are markedly len - 
ticular; one bed that forni.s .i rliffJOO ft iCO ni> hitjh on 
the shoulder north of Two Elk Creek pinches in a 
quarter of a mile 40.4 kmi aUmi; strike lo 5 ft (1.5 m*. In 
the Pando area, thin Iwds of dolomite and al>o many 
dolomite reefs occur in this straiiKraphic interval, but 
they are absent at Minturn. 

(:|.\sTK: fXITi: AND 
\VI'JVKVM.\\ .V\l) IIOH.\'SIIA'KK 
IX)ljl)MHIvMK\IBKKS 

Clastic unK E, about 1.100 ft <335 m» thick, oinsists 

ii!''v.inc<l t la.^tii- rofk.- in lu'd.s tliiniu-r than tliosf in unit 
D. The base of the uiiil is marked by the Wearyman 
Dolomite Member or probable equivalent. The 
Homsilver Definite Member— or equivalent — is about 



390 ft (100 m) above the base. The Wearyman and 

Hnrn.-iilver both change in character northward m the 
Minturn quadrangle. The Wearyman is a light -colored 
reef (atromatolitic) dolomite 15-75 ft 44.5- 22 m I thick 
in the Pando area (Tweto. 1949. p 19ft> and in the 
Wearyman Creek and Turkey Creek areas in the 
southern part of the Minturn quadrangle. On Battle 
Mountain the Wearyman thins. j;rades into bedded 
dolomite, and becomes discontinuous. Farther north, at 
the Minturn type section at Game Creek, its probable 
equivalent is a 27-ft (8-ro)unit of dark-gray shale that 
contains thin beds of dolomite (tinit 86. Minturn type 
si'ction I. Similar!\ . thi- Horn.-iilviT, an 18 28 ft (.5.5-8.5 
m) of distinctive light -weathering dolumile in the Pan- 
do area and in sotithem pert of the Minturn qind- 
ran^jle. also thins and chancres in character on Battle 
Mountain, in the part of the Minturn type section at 
Game Creek, the Homsilver equivalent probably is a 
dolomitu' sandstone and thin beds of dolomite m a pre- 
dominantly clastic unit 54 ft <16.5 m) thick (unit 94, 
Minturn type section). 

KCHIIN'SON- LIMKSltm: MKMHKR 

The name Robinson was first applied by Kintnons 
<1882. p. 220; 1898. p. 2« to a ^roup of three limestone 
beds separated <me from the other hy 80- 100 ft i24 - 30 
mt of clastic rocks at the Robin.son mine in the Kokomo 
district. Tweto 1 1949. p. 201 » defined the Robinson as a 
member of the Minturn Formation in the Pando area 
and adjacent Kukomo district. There, the Robinson con- 
sists of ;l .') hi-ds of linie.->I(ine .--ep.iratedby cla.stic rocks 
in a zone 300 400 ft <9U 120 m > thick and about 4.200 
ft (1,280 m) above the base of the Mintum Formation. 
In the early mapping: ofthe Minlurn quadrannle. l.uver 
ing and Tweto 1 1944) called the limestones of this zone 
the "Lime CtifTs," but subsequent mappmir in the area 
between the Minturn <iuadratit:!e and the Kokomo dis- 
trict (Tweto. 19.'i3( established that these lime.slime 
beds are the same as the Ri»binson. and the term **Ume 
Cliffs ' was dropped ^Tweto. 1949. p 201' 

In the area of the .\lmlurn lyp*- section ui ilie .Mm 
turn quadrangle, the Robinson member is 74ti ft '228 
mt thick: it amsists of six carbonate beds, each n t>.'> ft 
<1.5-20 m» thick, separated by much thicker intervals 
of clastic rocks. The increased number of limestone 
beds and thickness of the member in this area as con- 
trasted with the Pando area result from facies changes 
in till' Resolutinn Dnjntnite Menilu-r of tl\i- Paiuio .ti e.i 
Northward from the Fandu urea, thin -bedded dolumile 
of the Resolution Member in'adt>s into thick -bedded lu 
massive li^'ht bluish ^;rav fo-^silifernLis liniestone 
characteristic ofthe Robinson, as does also an overlyini; 
zone of dolomite reefs and dulomitic grit (fig. 13i. These 
lower limestone beds are accordingly incltided in the 
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Robinson, and R« solution Dolomite Member is not 
recognized except in the southernmost part of the quad- 
rangle. 

The greatest amount of limestone known in the 
Hcbir -nn is along Gore Creek eas( of the mouths of Mill 
aiul Spi addle Creeks. In this area the member includes 
as many as Tour migor HlMllone beds 25-75 ft 
(7.6-22.9 m) thick, as well as several minor beds. From 
this vicinity, the limestone beds decrease in number 
and thickness westward toward the evaporite basin, 
and the limestone also changes in character to a non- 
resistant and inconspicuous shaly, flaggy non- 
fossilireroas brownish -gray limestone. On the spur 
north of Dowds, the Robinson contains no more than 
two well<defined Kmestone beds and is a vaguely 
defined unit of interbedded shaly limestone, shale, and 
sandstone. Northwestward from this spur, gypsum ap- 
pears in tUs limy-ebaly zone and Kradaally supplants 
the limestone. Cross aections diagramming the changes 
in the Robinson from Booth Creek westward have been 
presented bjr Boggs (1966^ fig. 5), and« fades ctaMifica' 
tion of the Robinson over a irider region has been made 
by Tillman (1971). 

Individual limestone beds within the Robinson ex- 
tend for distances of a few thousand feet to several 
miles. Generally, ajj one bed pinchei^ out, it is overlap- 
ped by another at a somewhat different stratigraphic 
level. Thus, the limestone beds have the form of broad 
lenses, and the member as a whole consists of overlap- 
ping lenses of limestone in a matrix of clastic rocks. In 
places, thin beds of dolomite are also present in the 
HoMnaon, and a few Bmestone beds have dolomite caps. 
Such dolomite is apparently of early, perhaps 
diagenetic, origin and is distinct from late hydrother- 
mal dolomite, wbidi Imgubrljr nplacet fhe gray 
limr tone m nuoiy placM in the southern pait of the 
quadrangle. 

Jn places, Umestone beds of the Robinson swell 

abruptly into massive, vuggy bioherms or reefs consist- 
ing of algal bodies, shell fragments, and calcarenite. 
Mbet of these bioherms are dolomite, but some are 
limestone. Good examples, among many, are on the 
south wall of Gore Crock valley just east of Mill Creek, 
and on the west wail of the eanyon of the Ptney Kver 
near Moniger Creek. 

The Robinson contains a large assemblage of fossilu, 
as discussed under a following heading, but it is charac- 
terised particularly by braehiopods, pelecypods, and 
fosalinids. 

CLASTIC I'NIT F 

Unit F (fig. 13) consists of about 450 a (138 m) of grit, 
sandstone, shale, and sUtatone, much as in clastic unit 
E. In the Mintum quadrangle, the lowermost light-red 
beds of the upper red nme in the Mintum Formation oc- 



cur in the upper part ot thi.s unit, thoug;h most of tne 
unit is gray. In the Pando area, in contrast, the lowest 
red beds of the iqiperred «NM are in the middle part of 
the Robinson Limestone Member (fig. IJO. 

ELK KJDGE UMESTONE MEMBER 

The name Elk Ridge Limestone was first applied by 
Koschmann and Wells (1946, p. 67) to two beds of 
limestone separated by 176-225 ft (52-68 m) of red 

clastic rcx ks in the Kokomo district. The Elk Ridge was 
designated a member of the Mintum Formation by 
Tweto (1949, p. 202) who noted that in the Pando area 

it is a single limestone bed 7.5-21 ft (2.3 - 6.4 m'l thick. 
In the Minturn quadrangle the member is also a single 
bed and, as elsewhere, la discontinuous, passing 

abruptly into black shale in places. In the area of the 
.Minturn type section it is 30 ft (9 m) thick, but in most 
places it is no more than half this thickness. It has not 
been identified wi(fi rprtainiy north of Gore Oeek.The 
limestone in the Kik Kidge is in part dark, fine grained, 
and thin bedded, and in part bluish gray like the Robin- 
son. This lighter variety is mottled pale pink in many 
places and is generally sandy and locally oolitic. 

CUASTIC UNITG 

About 130 ft (40 m) of grit, sandstone, and shale bet- 
ween the Elk IBdge and White Quail Limestone Mem- 
bers constitute-^ clastic unit G. In the Mintum type sec- 
tion these rocks are gray or pink, but to the southeast in 
the Pando area and the Kokomo district they are pre- 
dominantly red. 

U HlTh ' i1 MI. UMt-STONF. MFJklBF.R 

The name White Quail waa first applied by Bmnums 
(1898) to limestone beds that are the major host rocks 

of ore deposits in the Kokomo district. Koschmann and 
Wells (1946, p. 67) further described this unit in the 
Kokomo distrkt as two, and loeally three, beds of dark 
fossiUferous Umestone 5-30 ft (1.5-9 m) thi k -epar- 
ated by clastic rocks, in a zone about 200 ft t60 ro) 
thick, limestonee of this aone were designated the 
White Quail Limestone Member of the Mintum Forma- 
tion by Tweto (1949, p. 203). in the Pando area, the 
nme is reduced to a single UMt (S^n) bedef dark-ool- 
orpd oolitic limestone or locally to about 10 ft (3 m) of 
dolomite and black shale. It thickens northward in the 
Minturn quadrangle, however, reaching 36-50 ft 
nO-15 m) in the general area of Mill, Booth, and Mid- 
die Creeks. From this area it thins westward toward the 
evaporite basin and also dhanges to silty limestone or 
calcareous siltstone, just as does the Robinson, it has 
not been identified farther west than the mountain 
spur north of Dowds. 
Throui^iout the area, the White Quail contains lenses 
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of black shale, and parU of it grade abruptly along the 
bedding into clastic rocks, causing marked differences 
in thickness from place to place. In general, the upper 
beds grade into grit, and the lower beds into shale or 
siltstone. 

In the southern part of the quadrangle and in the 
Pando area, the White Quail is a dark-bluish- or 
greenish-gray, dark-weathering, irregularly oolitic 
limestone that in many places contains scattered 
gastropods, cephalopoda, and pelecypods. It maintains 
these general characteristics northward to Gore Creek, 
except that the weathered surfaces gradually change to 
light grayish yellow. At Mill Creek the White Quail con- 
sists of a lower limestone unit about 15 ft (4.5 m) thick 
and an upper one about 20 ft (6 m) thick, separated by 
10-12 ft (3-3.6 m) of dark shale. The limestones are in 
alternate thick and thin beds, and the thin beds are 
calcarenites consisting almost entirely of shell frag- 
ments. 

North of Gore Creek the limestone changes from 
dark gray to light gray and assumes many of the 
characteristics of the Jacque Mountain Limestone 
Member higher in the section. For this reason, it was 
misidentified as Jacque Mountain in the original map- 
ping (Lovering and Tweto, 1944) in the Spraddle Creek 
area, near the Gore fault. In this area much of the 
limestone is foraminiferal, accentuating the oolitic ap- 
perance, and on weathered surfaces it is characterized 
by very abundant pinhole cavities. It contains thin beds 
that consist largely of fossil fragments, and contains 
scattered coiled cephalopoda in the thicker beds. It was 
classified in this general area by Boggs (1966, p. 
1408-1410) as biomicrite, oomicrite, and algal 
oomicrite. 

CLASTIC i;N IT H 

Grit, conglomerate, sandstone, and shale 
1,000-1,200 ft (305-365 ml thick lying between the 
White Quail Limestone Member below and the Jacque 
Mountain Limestone Member above are referred to as 
clastic unit H. This unit is almost entirely red, though 
locally it contains some gray beds in its lower part. 
Through most of the area the red color is bright, rang- 
ing from orange red to maroon, but as the evaporite 
basin is approached, the color becomes dull red, or 
grayish red. The clastic rocks of the unit include much 
conglomerate and are in general coarser than in most 
of the other clastic units except in unit D. 

JACQUE MOUNTAIN LIMtS I ONE .MKMBER 

The Jacque Mountain Limestone Member, which 
defines the top of the Mintum Formation (Tweto, 
1949), is the most persistent and consistent limestone 
bed in the Pennsylvanian and Permian sequence. The 



limestone was named by Emmons (1898) for Jacque 
Mountain (later called Jacque Peak) in the Kokomo 
district. It has been traced from the Kokomo district 
northwestward beyond the northern boundary of the 
Mintum quadrangle, and it has been identified with 
reasonable certainty in a separate area of Pennsylva- 
nian and Permian rocks 15 mi (24 km) farther north- 
west along the Colorado River near McCoy (Murray, 
1958, p. 54). It also has been identified along the Conti- 
nental Divide east of the Mosquito -Tenmilc Range (ob- 
servation by Tweto; also Singewald, 1951, p. 11; Brill, 
1952, p. 819). Like all the limestones, the Jacque Moun- 
tain fades out in the evaporite basin just west of the 
Mintum quadrangle. Lovering and Mallory (1962) 
traced it from the Gore Creek area westward to a ter- 
minus on the north side of the Eagle River at a point 
almost exactly on the quadrangle boundary. Boggs 
(1966) reported that it extends discontinuously about 5 
mi (8.1 km) farther west idong the north side of the 
Eagle River, but W. W. Mallory (written commun., 
1968) has stated that this extension cannot be con- 
firmed. 

The Jacque Mountain (fig. 16) is typically 20-25 ft 
(6-7.6 m) thick and consists of gray to light -bluish- 
gray fine-grained limestone with a distinctive combina- 
tion of features. It is generally oolitic in some part, par- 
ticularly in the upper beds. Some part or all of the 
limestone commonly contain clastic materials, such as 
grit, sand, or micas (fig. 17), and in many places the 




Figure 16. — Jacque Mountain Limeatone Member of the Mintum 
Formation, on ridfe between the head* of MM and Two Bk 
Creelu. 
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FlovM 17. — PlwtaaucrofTmpti of biotitk oolitic UroaatoD* in Jaequ* 
Mountain limaatone Member of Minturn Fbnnatiao, ihowing 
fraah and altered biotite flakea (dark), and oolitaa racryatalliiad 
U> larfe aingle cryataia. Croaaad polara. 



limestone contains lenses of grit, conglomerate, or 
sUtstone. Locally, the oolites and clastic grains define a 
croasbedded structure in an otherwise sublithographic 
limestone (micrite). Beds of intraformational limestone 
conglomerate are common. Some beds are welded ag- 
gregates of irregular pellets a few millimeters in 
diameter, at least some of which seem to be algal. In 
places the limestone contains concentric algal struc- 
tures a few inches to 2 ft (7 cm to 0.6 m I in diameter. In 
many exposures, some bedding planes are marked by 
cusps and hollows an inch or two across that look like 
disorganized cross ripples. Pink mottling of the gray or 
bluish -gray limestone is common, particularly in the 
intraformational conglomerates, and locally some beds 
are pink throughout. Stylolites in the limestone are 
typically micaceous and are stained red by hematite. 
Throughout, but perhaps most commonly in the upper 
oolitic beds, the limestone contains widely scattered 
coiled cephalopoda 2-4 in. (5-10 cm) in diameter, and 
locally it alsu contains straight cephalopods. high- 
spired gastropods, and fragments of pelecypods. These 
fossils are generally recrystallized to sparry calcite. In 
at least one occurrence, at the head of Mill Creek, 
oolites in the top bed of the Jacque Mountain are very 
soft but coarsely crystalline and were tentatively iden- 
tified as gypsum. Boggs (1966, p. 1410) classified the 
limestone in the Jacque Mountain as biomicrite, 
oomicrite, and algal oomicrite in the east -central part of 
the quadrangle, and as micrite and intraclast and 
stromatolitic limestone near the evaporite basin. A 
series of sections of the hmestone along Gore Creek and 
the Eagle River has been diagrammed by Lx>vering and 
Mallory (1962). 



CHANGES IN THICKNESS AND FACiE.S 

The Minturn Formation thins rapidly toward the 
Gore Range by onlap, or the shingling out of the lower 
onita (pi. 1, sees. A- A ', B-B', £-£'). On the mountain 
southeast of the junction of Gore and Black Crore 
Creeks, typical blue-gray fossiliferous limestone of the 
Robinson Member is separated from Precambrian 
rocks by only 50-100 ft (15-30 m) of grit. Similar rela- 
tions are known on (Copper Mountain, in the northern 
part of the Kokomo district (Tweto, 1949, p. 195; 
Bergendahl and Koschmann, 1971, pi. 1) where 
limestone of the Robinson member also lies within 50 ft 
(15 m) of Precambrian rocks. The same relations also 
are known or reasonably inferred at several places 
along the Gore fault north of Gore Oeek, as at Bighorn 
and Pitkin Oeeks and near the head of Middle Creek. 

As the base of the Robinson limestone Member lies 
3,700-4,200 ft (1,130-1,280 m) above the Belden as 
measured from the valley of the Elagle River (fig. 13), 
the relations just described indicate that a minimum of 
about 4,000 ft (1,220 m) of clastic rocks beneath the 
Robinson pinches out between the Eagle River and the 
flank of the Gore Range. Much of the thinning evi- 
dently is localized near the Gore faidt, for more than a 
thousand feet (305 m) of grit is exposed beneath the 
Robinson at Booth Creek, only a mile or two (1.6 or 3.2 
km) from the fault. As discussed in the section on struc- 
ture, the Gore fault is an ancient fault that in Penn- 
sylvanian time formed an abrupt border between the 
highland area to the east and the basin of sedimenta- 
tion to the west. In the area along the fault clastic rocks 
of the Minturn Formation are very coarse. Conglomer- 
ates exposed in fault slices on the south slope of Bald 
Mountain contain abundant 2-ft (0.6-m) boulders and 
some as large as 4 ft (1.2 m) in diameter. 

Westward from the vicinity of the CJore fault, the 
clastic rocks become finer grained toward the evaporite 
basin. A partial section measured on the western side of 
the mountain spur north of Dowds showed predominant 
sandstone and siltstone and only 5 percent of grit in 
clastic unit E. Clastic units F and G contain no grit, 15 
percent sandstone, 78 percent shale and siltstone, and 7 
percent carbonate rocks. These proportions contrast 
with predominant grit and abundant conglomerate 
farther east, as described in the Minturn type section. 
The section near Dowds also illustrates the thinning be- 
tween carbonate members of the Minturn. The White 
Quail and Robinson are separated by about 500 ft (150 
ml of clastic rocks, in units F and G, in contrast to 700 
ft (213 m) in the Minturn type section. Clastic unit E is 
reduced even more severely, from 1,100 ft (335 m) in 
the type section to only 350 ft (105 m). Clastic units C 
and D have the same thickness at Dowds as in the type 
section, but it should be noted that this part of the type 



Digitized by Google 



48 



GEOLOGY, MINTURN 15 MimrrE QUADRANOLE, EAGLE AND SUMMIT COUNTIES, COLORADO 



Mctian ia the same distance firom the dqiontional 
•horeline u m the locality near Dowidta. 

Westward from Dowds, the Minturn intcrtongues 
with, and grades into, gypsum of the Eagle Valley 
Evaporite (Mallory, 1971. pi. 2). On the north ride of the 

Eagle Rivi r thick unit.s of gypsiferous shale and 
siltstone aiternate with thin units of gypsum, most of 
whidi i* aiity. South of the river, near Stone Creek, gyp- 
sum is much more abundant, but its stratipraphic rela 
tions are obecured by slumps and landslides. This gyp- 
sum fHwlMUy is the same as that in two beds that are 
exposed near Avon, 2 mi 2 km* to tho west. Burrhard 
(1911, p. 362) described these as a lower bed 130 ft (40 
m) thick and an upper bed 50-75 ft (15-23 m) thick, 
separated by 40-50 ft (12-15 m) of clay, calcareous 
shale, and shaly limestone. Because of the small area of 
exposure and the obscurity due to slumping-. Eagle 
Valley Evaporite is not distinguished on the quadrangle 
map (pi. 1). 

FOSSILS, AGE. AND OOMtKLATIONS 

The Mntum Fbrmation and equivalents have been 

classed as mostly or entirely Middle Pennsylvanian in 
age by many workers (Roth and Skinner, 1930; Brill, 
1944, 1962: Henbest. 1946; Ttaeto, 1949: Stevena, 1962, 

Bass and Northrop, 1963; Murray and Chronic. 1965). 
Extensive fossil collections from the Minturn quad- 
ran^e, Fnndo area, and Kokomo district establish that 
the lower five-sixths of the formation, up through the 
Wlute Quail Limestone Member. \s Atukan and Des 
Moinesian in age. The age of the uppermost pari, com- 
prising clastic unit H and the Jacque Mountain 
limestone Member, is not so definitely established but 
is also classed as Pennsylvanian and very lUtely Des 
Moinesian, as indicated below. 

Diagnostic fossils — both megafossils and fbsulinida — 
are mo.st abundant in the limestones of the Robinson 
limestone Member. Megafoseils are also found at 
various levels from the base of the formation up to the 
Robinson, but fusulinids have not been fnund lower 
than the Hornsilver Dolomite Member. Above the 
Robinson, the Bk Ridge has yielded a few megafossilf^ 
and fusulinids. The White Quail has yielded diagrnostic 
megafoesils but the few fusulinids found in it are too 
poorly preserved for idsntUIeatioB. nmugh searched 
extensively for identifiable fossils, the Jacque Moun- 
tain has yielded only a sparse moUuscan fauna. 

Data on fossils are stunmarized below from reports by 
Mackenzie Gordon, .Jr , and E. L. Yochelson of the U.S. 
Geolt^cal Survey (written commun., Feb. 16, 1966) on 
31 collections of megafossils, and by L. G. Henbest 
(written commun., May 5, 1958 and Oct. 2. 1958) on 44 
collections of fusulinids. The localities of the fossil col- 



lections to which we refer in the present report are 
listed in table 6. 

Gordon and Yochelson noted that colonies of the cor 
al Chaeteles are the principal fossils in the lower part of 
the Ifintnra FWmation, and that this form "ranges 

through about 3,000 feet of beds in this area, the lowest 
recorded occurrence beuig approximately 1,420 feet 
above the base ef Um Ifflntam." 

From a shale bed about 40 ft (12 m i nhr vc the base of 
the Minturn Ooc. 14582-PC) th^ reported: 
UufinMf mdii cf. L prMmamm (Nonnod sad Ptsttsal 

AviciUoptiitn ip. 

fVom a ddomite reef st a stratigrapluc level briow 

the Wearyman Dolomite Member and above the reef 
dolomite of lionshead (Iocs. 9875-PC and 9879-PC) 
Gordon and Yoduebon reported: 

Ommobuma nam dink md Warthtn)? 

linaproductut ap. indet. 
Anthraco^irifer roekymontanu* (Marcou) 

opirius I Hall I 
Cryndrathyris perpUxa iMcdtmOty) 

StrrhUM-honUrui cf. S. iMMUMafK (MMk and WoithSB) 

Luna? indet. 
fidmoM^fp. 

Wtidryocfrnn up 

From the Hornsiiver Dolomite Member Uoc. 
IdSTA-FC) Gardon and Yochsisaa rsporte d : 

Caninoid coral undflC 

Chartelfa tp. 

MullUhrcopora f sp 

Derbyia crasaa (Me«k and HtivJp:>ni7 

Kii;li'\ -"f.-.i ' -p A 

Anthroftmpiriicr rocnymontanue iMarcou) 
Condralhyna perplexa (McCheaneyl 
Crunthyru pianiconi>aai iSiumard) 
CUiolhyridina orlucubina (McChimSjr) 
(A>mp<mta ouala Mather 
Betehtria tociwfatf (Moftaa) 
Glabncingulum ap. indet. 

From limestone about at the strattgraphic level of the 
Resolution Dolomite Member, or possibly of the 
Horn<iilver Member (loc. 9874-PC) th^^ reported: 

i'hiit^Ut^'h sp. 
Cidand spinps 

Meeketia slnalatwiiiia i .\l«*«'-k i 

Anttquatnnia culoradnrnxvi iGirty) 

Lmopruductut praltrnianux iNorwund and Pratten)? 

Anthracotpmfer rockymontoJtus iMarcaa) 

OoMdratkgriM ptrpUm (McCbitmutfil 

OMqMMto aKtriUte <HSil)T 

and Stated: 

Oeeummcs of thaw DmHs with a laMN tuarid •vaeias af 
AMii/tiwUa InAcataa a lau Atokan as* ror Uta eoOMtlon. aeeardinc 

to HrnbcKt iiir»l commun . 1966t Tlic meuafoiisiis arc all rollicr long 
ninKing Pennxylvonian npucies nul restnct«d lu b«ds uf Aluluin ag«. 
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Tabu 8.— 



Colorado 



.AhtMwnmuotf toi IS nuiiot* ^wsi^aft* ar* M Mintim. HC. Holy C>uw;MU 



MM-PC 
MM-IC 
9087 -PC 

9874-PC 
M7»-PC 

12093 PC 
12094 -PC 
13049- PC 

1»8S-PC 



1MW8-PC 
IM08-PC 

1308S-K 
ISOM-PC 



HC 



HC 



M 
M 
U 
M 



Turkey Crack, about 5.S mi <9 km) oortheaat of Rad 
fSlff, MMT MMiih of tilbirtMy gukh ham antth that 
«iitanTMrt»r Ckwk at 104M0-II I 



Loirer of two promiiMnt b«ds of li 
llMBtarnpoMd at thia locality, 



Ro(»kut on US. Highway 6 •oulhcftit of junction of 
Gon and Black Cora Owka. 0J6 mi (-too m) mtk 



Meadow at h«adofSpra<lcDeO«ek between I0.6(Xl- 
end 10.800 n rontcmr*. and t>utrro|W on slope OO 
northWfKt udr of c-rt^k about 0 75 mi <U km) 
•outhwe?? tm,-. of B«ld Muonlatn. 

KiM^mir^ - I : . liiiird 10 4§0 ft contotrron ndfeoQ 
■outhea^i t-i i. ■ Spraddle Crwk. about 17 ti)i(S.7 
km> south wiuinwi-irt of tor of R«ld Mountain. 

Ocat of nd^e between Spraddle and Booth Oeeks, at 

lI,ao<Mt«oiilaHr. 



II TwoBkCraek.aboutl7mi(2.7km)fh)« 
near 8,750-fl contour at trail and creek. 



Ladgea in hay maadow 00 BflMhiidaorOonCrMk 
Hid UA Iitfi«v8b 9*mA OMkmH «wl«riM 



UniaaUHW of Wliite (Juail Member. 



Limaitoaa bad probably at about atratigraphic level of 



S-PC. 



HC aamaftgrFtanBiiBnHlliailM-ftfiirvaypaial) 
OM mi <9M km> aotitb of bmindary at Mintuni 
i.8aa ^ndo map (TMvto. 1963) 



HC Same a* 1206:) PC 
HC Same SB 12062 PC 



Two Qk Creek, at mouth of tribtitary gulch from 
■arth. at S^UNMk egMaar. 

flamaMliMS-PC. 

Rid^ crest outlined by 1 1,750 fX contours. 3,*00 ft 
(1.020 ml eaat of common comw of Mintum. Holy 
Crnwi. Mount Uncoln and Dsl i' i|uii.irBniitas,aad 
MO ft (160 m) mith of UiUoD qua.draQ«le 

.186». 



-PC 
aa«67-PC 
aaWOT-PC 

i-PC 



Ridga ba t waaa IVirlMy and Wea ryman Cre«^ks. 900 ft 
(80b) btlowcpait of mountain with trianguJatiaB 
•tati«i9lirfJM<aiitatai«vatl«i 11^78 ft. 



Dolomite reef atratigrapliiMlyMnr Waifyman 

Dolomite Member. 

I iiwtHiHit' of RobinasB Maimbai'. 



Unit 101 of ftarfa a Ualii i aiilii c aactiiiii flWo, 

1949, p 208). 

Oakataova ahale aquivalaat to founh htgheit of flve 
■ in Robinaan Member. Unit 56 of 
i(Timte»iMS.p.8ia). 



Umeatonc bouldcn from ledge* in Robinaon Member 
highoriniuklt. 



faaqna MaiBlaiB limihi 
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Tabu S — Fotsil coUtcUoH leeaiUtet, mntum fbrmaaen, iiuutirn quadrangle and vietnUy, Coktrado — Continued 







LmlitT 




1467S-PC 


ML 


100 It t30 m ) paM of cre.it of ndge followed by Mgle 
County— Summit County boundar>, ut 12,250-ft 
oontouTi 1.4 mi (2.25 km) tuuth of Dillon 
q u A d rmnito bottndaiy. 8w Pkndv nap (TiivlUk 


^maatoQa of Wliita Quatl MaiDbav* 


14S79-H; 


HC 


TribuUry gulch of ReM^ution Creek, NW /t sec. 3«. 
T. 68., R. 80 W , at 10,«wO>lteOINOlV.BMraMO 

map (T««to, 19&3). 


Dolomite and limestone ofHornailviar Membar. 


14982-PC 


M 


ilMfcymi UA Hifhway 24 on Mtth lUfttfRatlt 
€k«k,aiS mi (400iii> aaftliorOibMM. 




14Wa-FC 


M 


8hb*m9M7-FC 




148M-FC 


M 


8WBeM9697-PC. 




AT07-B1W) 


nc 


8Butliwwt«rn ihouldw PtenwigMi HM. Se» PimAi 


> Collections from limeatonebeda or RobinaonMcmbar 
in Pando maaaurad aaction iTweto. 1949. p. 
ail -S12>: n757-tait 42: fB75«-Hait ». I675»— 


n781-B7W 

nrao 


ML 
ML 


lypi locality or Robtnaoe Mambcr. in Kokomo 

Neariy tama as 14578 PC but on craat ofrMfa. 

between 12.300- and 12.360 ft contours 


Fh>m the three limeMonabeda present m tK« 
Robinaon Member at thia localitv f^TBlb lower 
bed; f576l. f5762. rB762b— middle bed at baae. 
middte, cad lop. raipactitn^y > (S76&, f5766— uppar 
bad «t hum snd Sft (1,9 ml ■bonban, mpartiwly. 


17036-7039 


M 


Lime 1 re-e k about 3 mi <6 km) ab«»» mouth, ^fW'/« 
wc :! f: s . )i HO W^toateMltwiilapi ihaw 

L<m« Cr««k trail. 


From three loweit limealaiie beds Kobinain 
Memb«r r7036 — baMiof up;>cr tMxi 'M) h '21 m) 
above second bed; r7037— upper part of aecond bad; 
n038— nodular liiii iirtw ■llWn MHwOill. 
n039 loi»aatbad. 



MegafcMsils from the Robinson Member are listed in 
table 6, which includes one collection, 13049-PC, from 
float judged to be from the Robinson but not included m 
the table as prepared by Gordon and Yochelson, who 
■Iwttatied: 

Brachiepodt dnvMteiMte of th* RahEiuan Mmbar «m1 ap- 
parently reatriirtad to It in thIa rt^tm ar*; Mtwahbm tntmthbtu f Nor- 

w«od anil Pr.iIliTii. Chimrttni-a.i j.-ffrirds; Sti-vcns. M'vj'Jinrsid 
muficatuna iDuiibiir and Oirujruj, A^-lniuaVmia off A hfrmif^Qno 
(Girty I . and Srmpinfrr roloradomtu Stevcni. These I' issi I s s uiittst a 
correlation between the Robioiiun Member and unito 7 to 9 of Stevens 
(1M2) in tha McCoy ana. abont SO milaa nartbt»Mt of Mtaturn. 

Fusulini t from systematic collections from the 
Robinson Member in thre« localitiaa in or near the Min- 
turn quadrangle are listed in table 7, aa collected and 

identiHed by I.. G Henbest. Of a cullection made earlier 
by Tweto at the same locality as megafossil collections 
9W4-PC and 13080-FC (table 6). Henbaat tald (writ- 
ten commun., April 29, 1941): 

Twu early species iif Futuhna are present. One ia near, and the 
other is rither Fxaulma taoaauit Needhsm 1937. or a my rlnanljr 
ralated form. Tlunigh tlw atntignphic racord of thaw tin apcdaa ia 
but poorly known, tlw awlutionafy atatya of tbeae Itarma indioBtco 



e4»rty I>'H M(Jttu*^ a»i)- nr juThjips ,-i pcwjlion in the uppt-r part of the 
Lampasas Sen<r« itf ("lii-tirv i I94(>i yu.tuhnti iai>xrnfi,i was originally 
fuund in the lower part (»f the Maifdalena Group eaal of Taoa. N. Mex. 
I think that the evidoBcoftraaafiatlaaataasailyaaUMoarfir Dm 
Moinoaiapood. 

Other nmuninlfera noted Iqr Henbaat fknm the eollee« 

tions reported in taUe 7 are: 

Brad\:nn 

(\zit itrirni'ilii H\i 

CaU tvrrttlta sp, 

CUmcuim m um tp. 

Cnhrogtemum tp. 

EarUutdia ptrpana Plumaor 

fiiWIon^ap. 

Endcth^ sp. 

Gltiho»ahuUna tp. 

MoniHaxw *p. 

Orlhovrrtrlla 

Polytaiu sp, 

Qlawatnrlla sp, 

Srrputup»u sp, 

Spiroplrctammma sp 

Tftraiaxtt milUapmsa Cuahman and Waters 
Trtrataxuap. 

lYiptiUptkpMHdi* Cuahman and Walorn 
lytptitapiit ap. 
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Mtgafauna of tht Roinnton limmtom* Mimbw of tht 

Maituml 



ii ill i ill i 



LAplMipliyltadiid conh 
Ckmtrltt cf . C «*J.'rpcy3r^u» 
Hitaa Eihnu^ ma* Hun 



r^OMUttld . 




«i4 Caadra) 

cf d lacrau (Oirtyl 

Aui^BMUoMo *IT il * I (GIrtyk . . X 





■» 

Cmcmr^tum »f .....«, 



BeOtraiifaomtii iniM 

iNcrwood ud PrM««ni 

I Htntela <Oiaral> 

OuUvpodi taiit 



X 

X 



z 

z 

'i' 



X 
X 
X 
X 
X 
X 
X 



r 

X 
X 



z 

X 



X 
X 

"x 

X 
X 



X 
X 

"x 



z 



Mi'llMIIUIt., Wo*. 

14. tM<i and M«ck*nu« C^ rJ n .lmJ W J .Sando wnttm cofcmuB . Nov ^1 19M> 
n^otud tk> tncWopg* jtoii^uaiixuii ailiradamiu iGutTl attd (>iini*]i)M ap., Ik* 

" ' rliriU«kM«Ht«rMII 



In summarizing the results of itadiM of tlie 

FbraminifiKa, UeolwM said; 

AU «if tte flmDaid bouinc units, mxctfH tiumt with th* 

problematic fauna of r7036, have foraminiferal faunaa that indicate 
a Middle Pennajrlvanian a^. Of theie. none younger than the middle 
part of the Middle Pcnniiylvaniun was recognized. The fauna repre- 
•entad by r7036 wggeaU an early Lata Pennaylvwiian aga, but the 
I to opptMd Iqr Bdd avIdaBM. TiMMo < 



that the zone of f7036 ia overlain at another locality fey beds eentain- 
inc MbwIp&m A dafinita nlvtiaB of tbia iwaUm 



In addition to the fusulinid species from the Botrimoa 

reported by Henbesl. other species were reported by 
Tillman (1971, p 599) as identified by G. J. Verviile: 
Fusulina curta, F dtstenta, F. truneatuUna, R ptaUenait, 
and WedekindelUna coloradoensL^ 

Fauna of the White Quad Member ia shown in table 8 
aa raported by Gordon and Yochalaon (writiltti oom- 

mun.. 19661, who noted that: 

"Maximites cherokeensia was described originally 
from the Matky oral of tlw Charokea Shale in Hsoiy 
County, Missouri, and except for the White Quail specie 
mens this genus and species is not known elsewhere.'* 
Regarding ttBuoUtbiu tuampygiu, tiiey also noted that: 

ihi^ i.s the only Irted in the Mintum scctiun in which this speciea has 
tH'en found. This occurrence suggests a correlation between the 
W hite ^ail Member and unit 16 of the section recorded by Stevena 
(1»62. p. 61S-6241 ia Um McCoy sraa. tb« only bad in wfakb ha an- 
eavntarad M i 



Most coUectionB of microfossils from the White Quail 
proved to be devoid of identifiable fustilinids, but in one 
collection (f5790) Henbest identified "iVo/itfiJin«//a sp. 
or immature specimens of a higher fusttUnid.** 

Fossils in the Jacque Mountain Limestone Member 
as reported by Gordon and YocheUon (written com- 
mun.. 1M6> induda Ooea. IIMMSS-PC, iaoe4-PC): 



Schitodut sp. 
Prmutphoroiu tp. 
Doiorolhocrras up 
Dnmatocrrwi *p intli-i 

Gordon and Yochelson stated: 

The IV>ma(ocrna* * * * ia dlatinct flron tha ■paciea in the White 
Quail Mcmbrr It i»too poorly preaerved to name ronriHlly but proba- 
bly IS the surrir specie* that wa* collected by Koschmann iind 
Williams near the head uf Scarli^c Gulch in the Kokomo dn 'r: '. 
(Koschmann and Well», 1946. p. 69J. This earliar apadmen wan 
deacribed and figMrrd as Domatcrtnu tp. (of Colorado) by Miller and 
Youngquiat (1949. p. 46, 47. pi. 16, flga. 1-7) in their volume on 
American Permian Nautlloida. Deapite this implication of Permian 
aga, Gacdon ngaida tha Jaeqoa MauBtain tpaciaa as ratbar daaatx 
related to Oankas aga ktma such aa Dautaleetn 
Hyatt and a wtOlamii MUHt and Omta. and ntliar 
known Pavnlan apaciaa. 

The genera so far rfccrded from the Jacqup Mountain Member 
range widely through Ponnsylvanian and Permian niK ks There i« no 
dt.'mandin^j reas<jn, especially when one considers the rapidity of s«_"di- 
mentary accumulation in the Mintum aection, to regard the Jacque 
Mountain Member as any age but inamly lUi^ttly yauigar than tha 
White Quail Member 

In suroroanzing the age of the Mintum Formationi 
Gordon and Yochelaon stated: 

the .Minturn Formation is re(>arded as Middle Prnnsvlvuniiin in age, 
and includes beds of Atokan and Des Moinesian age. The Robinson 
I KBdWhitaQuailMaarisanaiedstadaaOiaMainaaianiBacabytlia 
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mcKHfussil content The Homsilver am3 RulnriMin Membuns are djitcd 
<>ii «'arly Dif» Muinesian in age by luauUnids The presence of 
^'uju I II i; : ivi -1 riilii ': 1 1 :i if ^mknown huri/on dates at least sume of 
the lower part of the Mintum Formation as lat« Atokan in age. 

Aa indicated by the preceding statement* of Gordon 

and Yochelson, and by Stevens *1962t. some of the 
limestones uf the Mmlurn correlate with liniesiune» in 
the McCoy area, 12 mi (19 km) northwest of the Min- 
tum quadrangle, where the term "McCoy formation" 
was formerly applied to the Pennsylvanian rocks (Don- 
ner. 1949). On the basis of fossils and, in some etaet, 
physical stratigraphy, the Minturn also is approx- 
imately or in some part is equivalent to the Paradox 
Formation as used by Bass and Northrop (1963) in the 
Clenwood Springs area, to the Gothic Formation of 
Langenheim (19521 on the western side of the Sawatch 
Range, ti» ttu- Murtran Fi)rti)H(ion of northwestern Col 
orado and northeastern Utah (Thomas and others, 
1945) to the Hermoaa Formation of southwestern Cnl- 
oradi. 'Ra>>-, 19 J J. Hi-nt.fst, 1946), to the lower part of 
the Fountain Formation of the eastern side of the Front 
Range (Mallory, 1958), and to the upper part of the 

Pandin and thr- lower (lart of the Madera Formations of 
the Magdalena Group of northern New Mexico (Hen- 
best, 1946; Brill, 1962; Myers, 1968). 

ORIGIN 

The Mintum FormaUon records two altemnting en- 
vironments of deposition: (1) a marine fades, compris- 
ing carbonate rocks, Uack shales, intertongueing 
evaporitea, and piohahly some «vin-bedded aUtatones 



and sandstones, and (2) a nonmarine, largely fluviatile, 
facies comprising the bulk of the grits and conglomer- 
ates and at least some of the associated sandy and 
micaceou.s shales. A nonmarine origin of many of the 
coarse clastic rocks is not directly proved but is inferred 
from their extreme lentictilarity, very poor sorting, 

general coarseness of ^ain, cxten!5ivc crossbedding, 
channel structures, and the presence in some of them of 
land plants. The plant remains are not abundant but in- 
clude fo.^sil tree roots 'stipmaria), Lepidodendron, 
Si4{illarui, Walchta, fern impressions, and rare petrified 
wood. In addition, nish, reed, and twiglike impMarions 
are fairly common. Although some of those are marine 
as indicated by their occurrence in fossil iferous 
dolomites, most are probaUy terrestrial, as also are 
thin coaly or carbonaceous seams in well-defined 
cydothemic sequences (Tweto, 1949, p. 211-214; Brill, 
19S2. p. 820>. 

Ehstribution of the twu general classes of rocks sug- 
gests that normal shallow-water marine sedimentation 
was intemiptad repeatedly by floods «f coarse daatie 
debris derived from the highland area immediately to 
the east. This debris probably was deposited in the 
form of shallow-water deltas, bar and back -bar 
deposits, river flood-plain deposits, and alluvial fans in 
a recurrent piedmont. When marine conditions pre- 
vailed, they extended Uterally onto the highland, as 
shown by the limestones on Precambrian rocks near 
the Gore fault, and when fluviatile conditions prevailed, 
th^ extended to the margiiia of the avaporite bssin. 
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(1966) and Halloiy (1971) have interpreted 
the Mdiment* of the evaporite basin t» products of 
shallow hsrpersaline waters in the center of the trough 
that extended through west'Central Colorado and with 
thia we concur. The open saa «dth normal nwine condi 
thms lay to the northwest, hi the area of the Morgan 
Formation, which cloaely resemblr.^ the marine facies 
of the Minturn. Evidently, the waters of the Morgan aea 
repMrtedly swept southesstward along the border of the 
FVont Ran^e highland, depositing the marine h«'d.^ of 
the Minturn Formation, and juiit as repeatedly, they are 
fflwoed heck by deposition of the coarse elastic sedi- 
ments. To what extent .subsidence in the basin or 
trough, pulaes of uplift in the highland, or cUmatic fac- 
ton each oontroUed the mtarplay between spreading of 



the sea and tfie baQding of dastk dams hi it is onap- 

praised. but mo.«t lik(»ly, all three were involved. 

From the absence uf kaolinite in all but the basal part 
of the combined Belden and Minturn. and from the 
abundance uf fresh fcld.spar.s. holh Raup n966> and 
Boggs (1966) cuncluded that the clajitic sediments of 
the Minturn were derived tnm a source area — the 
highland to the east — that was undergoing rapid ero- 
sion under conditions of a semiarid to arid climate. 
Parallels in conipu.sit tun and sedimentary structure bet- 
ween the Minturn roclts and modem saiUmenta in parts 
of the semiarid West suss^ th** w» "o. Hohert 
(1960), however, concluded that because vf the 
generally red color of the Fountain Formation — an 
analog of the Minturn — lateritic weathering under 
humid conditiiins prevailed. This interpretation of red 
sediments in the Minturn and Fountain has been 
refuted by Walker (1M7). 

MAROON FORMATIil.N 
STfUTICIMPHIC RELATIONS 

The Maroon Formation a.s redeiincd by Tweto <1949) 
consists of the Fennsylvanian and Permian red beds 
lying above the Minturn Fromation. As applied in the 
Minturn quadrangle, the Maroon includes ail the 
strata — as much as 4.200 ft (1,280 m) in thickness— 
between the Jacque Mountain Member of the Mintvuv 
and the Upper Triassic Chinle Formation. The base of 
the Chinle, which in most places is marked by a distinc- 
tive sandstone — the Gartra Member— was also reGog< 
nited as the top of the Maroon Formation by Bass and 
Northrop 196.11 in the Glenwood Springs quadrangle 
and, farther west, by Donnell (1954; 195S). 

Throughout the area west and northwest of the Min- 
turn (juadriingle, however, other units have been recog 
nized by various authors in the few hundred feet of 
strata immediately beneath the Chinle. 
StratiKraphically lowest of these, lying 100-750 ft 
(30 230 m) below the Chinle, is a distinctive white to 
orange sandstone called a tongue of the Weber 
Sandstone in the Maroon Formation by Donnell (1954) 
and Bass and Northrop < 1 963), called Weber Sandstone 
by Brill (1944) and Murray 11958), and called 
Schoolhou.-ie Sand by Thompson il949i or .S<"hoolhoLi8e 
Tongue by Brill a952j. About 50-160 ft 115 4.5 m) 
above the tongue of the Weber and 60-100 ft (15-30 
m) below the Chinle, in the area west of Glen wood 
Springs is a cherty dolomite bed a few feet thick desig- 
nated the South Canyon Creek Dolomite Menilwr of the 
Maroon Formation hy Bsss and Northrop (1950), who 
recognized it as a probable tongue of the Phosphoria 

Formation 

All the strata between the tongue of the Weber and 
the Gibile, inchidiiig ibe South Canyon, win« assigned 
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to ih« State Bridge Formation by Brill (1944; 1952), 

although in one measured section il944. p. 643* he 
assigned these strata to the Dinwoody or Moeokopi For- 
matioiM. At its type locality at State Bridge, 10 mi (16 
km) northwest of the Minturn quadrangle, the State 
Bridge is distingtjished from the underlying Maroon 
Forraatioii by a diange team the predominating coarse 
red sandstones of the Maroon to red siltstone and shale 
(Donner, 1949). A few miles northwest of State Bridge, 
Murray (195B> found that the tongue of the Welier enda 

abruptly; he inferred an erwional unconformity bet- 
ween the Maroon and State Bridge, and such an uncon- 
Ibnnity has aubeequently been confimied elaewhere in 
the region (Freeman, 1971). 

The part of the State Bridge above the South Canyon 
Member (Stewart and others. 1972), or above an arbitr- 
ary datum 100 ft '30.4 mi higher (MacLachlan, 1959; 
Oriel and Craig, 1960t, has l>een correlated on lithologic 
grounds with the Lower Trias«ic Moenkopi Formation. 

It is not yet established whether equivalents of the 
Weber, South Canyon, and State Bridge or Moenkopi 
are included within the Maroon Formation as applied in 
the Minturn quadrangle. More likely, these units are 
younger than any of the Hbroon in the quadrangle. Hie 
tongue of the Weber pinches out abmit 12 mi (20 km) 
west of (he quadrangle, in the area between Walcott 
and Eagle. The South Canyon or a probable 
equivalent — the Yarmony Limestone Member of 
Sheridan (1950) — has not been identified closer to the 
quadrangle than Walcott or tiie State Bridge area. The 
Maroon within the quadrangle contains much .siU.«ton<' 
in its upper part, and thus it might include strata 
equivalent to the lower part, at least, of the State 
Bridge, Tlowever, siltstone is abundant throughout the 
Maroon, even in the coarse-gramed facies of the Pando 
and Kokomo areas. Therefore, the mere praaenoe of 
i^iltstono in the red hi>d sequence does not eitablieh pre- 
sence of the State Bridge. 

THICKNESS 

In the Minturn quadrangle the Maroon is largely 
restricted to the area north of Gore Creek, although a 
few email patches are preaent on high peaks south of 

the creek. The formation has a maximiun thickness of 
about 4,200 ft (1,280 m) near Red and White Mountain, 
aa detei'uuned from structure sections (pi. 1, eeca. 
A A ', C C). hut it thins rapidly ea.stward toward the 
Gore Range, in the valley of the North Fork of the 
Piney River 2-3 mi (3-6 km) north of the quadrangle, 
the Maroon is only 1,700 ft 'SIS m) thick in the area 
just west of the Gore fault. East of the fault, where it 
lies on Precambrian rocks, only 100-300 ft (30-90 m) 
of it is present beneath the Clunle Fonaation (Tweto 
and others, 1970). 



CHAKACTER 

The Maroon Formation resembles the Minturn For- 
mation in lithok>gy — except that it ia almost uniformly 
red. contains only very minor carbonate bed.s, and 
grades irregularly upward into a preduminating fine- 
grained facial. A meaaured section of the part of the 
formation preserved on Jacque Peak in the Kokomo 
district (Tweto 1949; 1958) shows that the lower 2,000 
ft (€10 m) of the formation consists of: sandstone, 36 
percent: siltstone and shale, 25 percent; grit, 22 per- 
cent; and conglomerate, 18 percent. All thme rocks are 
feldspathic and micaceous, just as are those of the un ■ 
derlying Minturn Formation. Some of the oongkmierata 
beds contain abundant cobbles greater than 4 in. (tO 

cm) in diameter, and some contain 18in. i45cm) 
boulders. Many of the siltstone beds are calcareous, and 
some contain thin beds or ten see of fine-grained gray 

limestone. 

In the area north of Gore Creek, the lower 
8,000-8,600 ft (900-1,060 m) of the Harmm ia 

moderately well exposed along Red Sandstone Creek 
and along the jeep road on the ridge to the west of this 
creak. The expend rocks are principally brick*red 
sandstone, siltstone. prit. and conglomerate, just as on 
Jacque Peak, though collectively a little less coarse in 
grain. A few nonpersistent beds of gray dense on- 
foesiliferous Umeetooa 2-5 ft (0.6-1.5 m) thick are 
present among the clastic rocks. The upper 
1,000-1.800 ft (300-480 m) of the Maroon is poorly ex- 
posed but seems to consist mainly of brick -red 
sandstone, siltstone, and grit. Much of the siltstone is 
limy, and some on the slopes abova the Eagle River ia 
gypaiferoua. One thin bed of mottled gray and red algal 
limestone about 3,700 ft (1,130 m) above the Jacque 
Mountain can be traced with difllculty for several miles 
across the area (pi. 1). We consider it unhkaly that thia 
bed correlates with the South Oanyon Member or 
Yarmony Member of Sheridan (1950) because the red 
beds above it include much sandstone and grit. 

Detrital material in siltstone and silty limestone in 
the upper part of the Maroon is of the same arkosic 
composition as that in the grits. In the siltstones, 
quarts, microcline, plagioelase. rauecovito. and chlorite 
are principal r r^*:r irnts; magnetite is a rather abun- 
dant accessory mineral, and tourmalme and zircon are 
leas abundant. The coloring matter is chiefly earthy red 
hrmatitc or brovm limonitc concentrated at the grain 
boundaries. Some of the plagioelase grains are slightly 
altered, but many are ft^h. In the alHy Umeehmea, the 
I calcite matrix encloses abundant angular fragments of 
quartz and subordinate chert, microcline, plagioelase, 
muscovite, chlorite, and magnetite. The microcline and 
plftgioclasp are fresh. The magrietite is in rounded 
grains. Earthy red hematite coats the clastic grains 
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and, in wnn* of the Umestooes. this coating u accom- 
panied by aBall bol trcil ddinad erjntals of nd 

FOivSIUS AND AGE 

Ho diagnoetic CcmU* have been found in the Maroon 
in the Ifintum qoadnngle, and very few have been 

found in it or in closely aaaociated units eUewlicn m 
the region. A piece of foaail wood from a level about 200 
ft (60 ni) below fhe Chinle Pbrmataon oo Red and White 
Mountain v. ;*.'- tentatively referred to the genua Dadox- 
yion by R. A. ScoU of the VS. Geological Survey (writ- 
ten eoauBtm., 1961 >, who noted that this ipeeiee eceure 

in all the p»st Silurian poriodH nf the Pali/ozoic 
L^meetone sampiwi from two localites were examined 
bgr P. E. Cloud. Jr., of the UA. Goofagieal Survagp (writ- 
Ion commun., Feb. 7, 1961) Cloud found no microfoesiU 
in the insoluble residue*. FVum thin-section ttwiy, he 
reported ohondant fecal pellets 0.4-1.2 mm in 
diameter in a mottled pink and gray limestone from the 
saddle between Buffer and Indian Creeks. In a light- 
gray subaphanitic limestone from sec. 8, T. 5 R. 61 
W., he found — in different spprimpns — tiny ostracods 
and "subsphericai tu bladder uhaped objects about 0.3 
mm in diomoter latd up to 1.2 mm long that sugK^^^t a 
siphonaceous alga similar to Gymnocodium." Cloud 
noted that if the objects are gymnocodian algae, they 
imply warm shallow water and a Permian age The 
oo tm cods, which were examined by specialist G. I. Sohn 
oftiho l}& Goologkal Sunroy, were unidentifiahle. 

Pbesils found in the South Canyon Dolomite Member 

near Glenwood Springs indicate an a^e similar to that 
of the Permian Phoaphoria and Kaibab Formations 
(Bom and Northrop. I960: 1963). Fooriy preserved 

fossils from the Yarmony Limestone Mrmhpr of 
Sheridan (1960) were classed as Middle ur Late Pen- 
nqrhwiiaB or Pmitlan in ofo fegr N. O. Newell (BtUI. 

1942) Far to the south, in the Salida area, reptilian re 
mams occur in the Sangre de Oisto Furmatiun at a 
lovri IjnO ft (550 m) above a Umestone unit that Brill 
'1952^ rorrrtatefl with the Jfirqup Mmmtain. The rep- 
tilian fossils were classed a.s Karly Permian iWoifcam- 
pion) in age by Brill (1952), but later collections from 
the same locality were classed as Late POmuylvaiiian 
(BAissounan) by Vaughn (1969). 

Itiui. the Maroon Fbrmation of the Mntum quad- 
rangle and nei^'hboring areas probably i.f of Pen- 
nsylvania and Permian age. It is underlain without evi- 
dent fltratigraphic break by rocks of Middlo Ponnsylva- 
nian (Des Moinesian) age and overlain by rocks of 
Early Permian (Leonardian) age. and reptilian fossils 
Id the lower middle port of the genoraUy eqaivatent 
Sanprc de Cristo Formation have been assigned cither 
to the Late Pennsylvanian or the Early Permian. 



OWGIN 

The Maroon Formation records a continuation of the 
eedinientBtlon that prodoeod the Ifintam Formation, 
but under somewhat changed environmental condi- 
tions. The average Tmer grain of the Maroon as con- 
traatod to that of the Miatum and the gonoral decroaso 

in grain size upward wthin the Marnon su^pest that 
the source land area to the east became progressively 
lose moontatoooa. ftmmuMy, the abnqit mountain 
front that existed along the CJore fault in Mintum time 
gradually was transformed by erosion to a gentler front 
which migrated eastward throo^ Maroon timo, thi» 
" rnntinually increasing the distance between the main 
source of sediments and the site of deposition. The ab- 
sence of foeaUiforous marine limestones, such as those 
of the Mintum, and the absence of any strata indicat 
ing a marine origin— except near the evaporite basin — 
suggest that the pattern of alternating marine andtor* 
restial conditions that characterized the Mintum gave 
way to dominantly terrestial conditions of sedimenta- 
tion. The sediments of the Maroon in the Minturn quad- 
rangle are interprotod as stream channel and flood- 
plain depoeitaattheeostandaft grading westward into 

coastal plain or tidal flat and local lagtxjnal deposits. In 
the lower part of the formation, these deposits inter- 
tongue westward with marine evaporites. The thin and 
nonperaistent limestones in the Maroon probably 
formed in desiccation ponds or lagoons rather than in 
marine wators. nurtiior west, carbonate rodu, such aa 
those of tho South OMiyoa. ro p rn o a t matiiie ooodi- 
tiona. 

nweonsiitent red ooilor of the Maroon alao indieatea 

a change in environment from that of the bulk of the 
Mintum. though the uppermost part of the Minturn 
was also affected bgr tho diange. Raup (1966) concluded 

from the clay mineral assemblage and particularly 
from the absence of detrital kaolinite in the fine- 
grained red beds of the Mintum, Maroon, and State 
Bridge F'ormations that the ?ource material could not 
have been laleritt', as has been often assumed, but that 
the source material was a product of weathering in a 
semiarid to arid environment. Walker (1967) concluded 
from an extensive study of red beds in the Maroon and 
Minturn and from close minoralogic parallels with red 
beds that are forming at preaent in Bi^o California that 
the red color formed after the deposition of the sedi- 

ments, by alteration of iron-bearing minerals, m an 
arid environment. We agree in general with these con- 
clusions but would qualify them somewhat. 

The widespread occurrence of evaporite.'; and colian 
deposits in the Upper Pennsylvanian and Permian 
rocks of the Rocky Mountain region (McKee. Oriel, and 
others, 1967' su(i;gest.s a regionally arid climate, a.s doe.s 
the alwence of plant and animal remains in the Maroon 
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Formation. The abundance of fresh feldspara, even in 

the siltstiines dT the Maroon, and the presence of 
unaltered detrital magnetite and biotite suggest 
mechanical weathering in an arid environment rather 
than chemical weathering in a humid, lati'i ite produc- 
ing environment. However, hematite does occur aj> dis- 
crete, apparently detrital flakes in company with 
unaltered detrital biotite and magnetite in some of the 
siltstones and impure limestones. Such hematite must 
have been transported to the site of deposition rather 
than forming there by alteration or by subsequent 
reiBstribiition of ferric iron by grotmd water. Assuming, 
as the clay mineralogy sicms to dictate, that lateritic 
soils did not exist as a source of the detrital hematite, a 
source might nevertheless be produced by normal 
weathering in an upland samewfiat ISM arid than the 
envirnnment of deposition 

One of the factors contnbutuig to the redness of the 
red beds is the presence of fUms of hematite in minute 

fractures within quartz clasts. gi\'ing thc>m a pink or 
red cast. Such quartz occurs as pebbles even in the gray, 
buff, and green conglomerates of the Minturn Forma - 
liim. Rfcunnaissnnce of thf oiitin- riurc Rati^;r iTwi'to 
and others, 1970i has revealed ihat quart/, of this 
character occurs in many hemaiite'-stained fracture 
zones in the Precambrian rocks of the range. Rocks of 
the Gore fault zone, for example, are stained red by 
hematite and contain the hematite-impregnated quartz 
through widths of hundreds of feet in places. Presum- 
ably, this hematite is a product of geologically recent 
weathering. However, the Gore fault and many of the 
numerous other faults in the range originated in Pre- 
cambrian time (Tweto and others, 1970); thus, they 
were in existence and were exposed to weathering in 
Pennsylvanian and Permian time. Such faults or frac- 
ture zones might have been a source of some hematrtic 
material in the red beds %\n~{ nf the hematite. ho'i\e\er, 
probably resulted from alteration of iron-bearing 
minerals in the depositional environment, as demon- 
strated hv Walker t]9f;7i, and from redistrihution by 
ground water of iron liberated by alteration Alteration 
of iron4iearing minerals and recBstribution of iron need 
not have been, in their entirft\ . peneronternpfiraneous 
with sedimentation. Indeed, some evidently occurred 
much later. The lower red zone in the Minturn. for ex- 
ample, trartsertp heddinit in » Wi^vy manner that sug- 
gesl.s Ki uiui water control; m pari al least, this red 
color ma\ fie l elated to the present topography. On the 
other hand, the occurrences of typical red-bed rocks, 
such a.s pebbles or fragmenl.s in nonred conglomerates 
of the upper Minium, and uf red siltstonc chips in dense 
gray limestone in the Maroon, though rare, indicate 
that red beds were in existence at the time these con- 
glomerates and limestones were deposited. 



TKIASSIC SYSTEM 
CHlNLEronMATION 

The Upper Triassic Chinle Formation is the only 
Triassic unit recognized in the Minturn quadrangle. 
The Oiinle is preserved in the quadrangle only in an 
area of lemi than a square mile on the northeastern 
.•<I(ipe of Red and White Mountain In this area, and also 
in the Mount Powell quadrangle to the north, it consists 
of • basal white sandstone or conglomerate 10-95 ft 
(3-7.5 m) thick overlain by red siltstone. The basal 
sandstone or congiomeate, earlier referred to the 
Shinarump Member (Lovering and Tweto. 1944). was 

later classed as the Garlra Member of the Chink- iPoole 
and Stewart, 1964). On Ked and White Mountain the 
Gartra seems to be conformable with (he underlying 
Maroon Formation, but a few miles to the northea.st. in 
the Mount Powell quadrangle, it fills shallow channels 
in the top of the Maroon and in places shows an angular 
discordance of l"-2° with the Maroon. 

The Chinle is overlain unconformably by the Jurassic 
Entr.ida Sandstone. On the northeast siumider of Red 
and White Mountain, the red siltstone of the Chinle is 
about 70 ft (21 ni ' thick, .•\b<.iut a mile Lu the west, on 
the west and north western ridge of Red and Wliile 
Mountain, Poole and Stewart a964) measured 225 ft 
(68 m) of the siltstone between the Gartra and the 
Entrada. Thus, a significant unconformity between the 
Chinle and Gntrada is indicated; this pre-Entrada un- 
conformity has been widely recognized in Ctolorado. 

As exposed within the small area on the side of Red 
and White Mountain, the Carta Member is about 10 ft 
(3 m> thick and consists of coarse-grained gray 
sand.'iione On the northwestern side of Red and While 
Mountain, Poole and Stewart (1964; also F. G. Poole, 
written commim.. 1956) found the Gartra to consist of 
25 ft (7.6 m) of crossbedded conglorneratie sandstone. 
The pebbles consist of quartz, chert, and quartzite and 
are as much as 3 in. (7,6 cm) in maximum dimension. 

The sandstone also contains silicified wood in frag 
mcnts or in segments of logs. A few miles north of the 
boundary between the Minturn and Mount Powell 
tjuadranglef!. the Gartra is in some placp.s- a massive 
crossbedded coarse-grained sandstone and in others a 
conglomerate characterized by abundant silicifisd wood 
(Tweto and othern. 1970? 

The red siltstone of the Red and White Motmtain 
area is divided by Poole and Stewart (1964) into a lower 
mottled member and an upper red siltstone member. 
The mottled member, about 25 ft (7.6 m) thick, consists 
of red and purple mudstune, siltstone, and sandstone. 
The red siltstone member consists of brick red siltstone, 
much of which is calcareous, and subordinate fine- 
grained red sandstone. As seen in thin section^ the 
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•ilUtone from Red and White Mountain consists of silt- 
Bised angalar flragm«nto of quartt and equant uralns of 

calcite, fairly abundant a i - ^ iry leuroxcni' in rounded 
graina, and interstitial red hematite. Very sparse, small 
flakM of muBCOYite are alao preaent bat no detrital 
feldspar rra>?monts were observed The calcite appears 
to be detntal rather than a matrix cement as it is in the 
Maroon ailtatonea. The acarcity of mica and abaanee of 
feldspar suggest that the rock is more maturr than thr 
siltatones of the underlying Maroon and Miniurn Fur 
mationa; poaaiUy the Chinle rocks were derived in part 
from the Fsworking of rad beds in theae older fonna- 

tions. 

JURASSIC SYSTEM 

Two Upper Jurasaic formations, the Entrada 

Sandstone and the Morriaon Formation, were mapped 
in the Red and White Mountain area, the only locality 
where rocks of Jurassic age are preserved in the Min- 
tum quadrangle. The Morrison of this locality and alsn 
of the area immeAately north of the quadrangle (Twetu 
and <ithers. 1970i lontHins much sandstone in its lower 
part. Some of this sandstone may be equivalent to units 
of the Sundance Formation aa reoognited in the State 
Bridge area by PipirinKos, Hail, and Izett (l%9i or to 
the Curtia Formation of Baker, Dane and Reeaide 

a99e). 

In the area just north ofthf Mmturn ({U2i<lrangle, the 
£otrada is absent and the Morrison rests, successively 
eastward, on Chinle, Maroon, and — a few miles east of 

the Gorf fault — on Prrrambrian rocks (Tweto and 
others, 1970). borne part of the erosion that destroyed 
the Chinle or redoceid it to thin remnanta may be at- 
tributed to the prp-Entrada period of erosion discussod 
in the pr«>ceding sectiop. A part, however, was cauiied 
by pre-Morrison erosion that removed the Entrada in a 
l»«'lt tu-ar tho Gort- fault and hovclrd an rvrn surface 
across rocks of the Maroon Formation and remnants of 

the Chinle. East of the Qora fault, thia aurface beveled 
Prccambrian rocka alao. 

BNHUDA SANDSTONE 

As exposed on Red and Whitf Mountain, tlif Fntrada 
consists of about 60 ft (18 m> of cliff-forming, massive, 
bluff'to orange>weathering eraaebedded aandatone. A 

generally similar oharactor and thirknossr-s ranijinj: 
from 62 to 109 ft 1 19 to 33 m) are rt'poried in localitic.'t 
from 8 to 20 mi (13 to 32 km) west nf the quadrangle 
iShf-ndan. 1950' lti "ntrrnp, tin- Kntrada apprar^ (o hi- 
conformable with the underlying (Jhmie Formation and 
the overlying Morriaon, but regional relattona indicate 
that both contacts are unconformities. 
The sandstone of the Entrada on Red and White 



Mountain is compact, homogeneous, and fine grained. 
It conaiata of well-aorted aubangular to aubroundad 

equant sand >,nains about 0.1 mm in diameter and of 
small amounts of interstitial clay and^orange goethite. 
The acattered coarae aand graina that characterise the 

Entrada in many places were not noted at this locality. 
The grains of the sandstone are mostly quartz, but 
chert ia fairly abundant and a few graina of fresh 

microcline and slightly arpillized plagiorlase are also 
preienl. The interstitial clay is a mixture of hydromica 
and kaolinite, whkh locally contain.^ small specks and 
irregular masses of K'^t'thite No detrital heavy 
minerals were observed in thin section. 

MORRISON FORMATION 

In the small area of exposure on Red and White 
Mountain, the Morrison Formation conaiata of about 

2.')0 ft 'Tfi mi of sandstone and shale unconformably 
overlying the Entrada Sandstone and unconformably 
underlying the Cretaceous Dakota Sandstone. Thia 

thickness is small as compared with about 500 ft (190 
m) of Morrison in the southern part of the Mount 
Powell quadrangle (Tweto and othera, 1970) and the 
350-400 ft (105 120 m) shown on a regional isopach 
map (Craig and others, 1955). The abundance of 
sandatone in the Morriaon at Red and White Mountain 
suggests that only the lower part of the formation la 
present and that the upper part was eroded prior to 
di-position of the Dakota 

The Morrison of Red and White Mountain, and the 
lower half of the formation as exposed just north of the 
Minturn quadrangle, consists of pradominant 
sandstone, subordinate interbedded green and gray 
clay shale, and a few beds of fine-grained gray 
limestone. The upper part of the formation— north of 
the quadrangle— is mainly variegated shalaa. 

The sandstone is characterized by uneven, lenticular 
bedding and hy abundant particles of white clay that 
give the rock a chalky appearance. The clay occurs in- 
terstitially and also as discrete grains or granules. 

Some beds of the sandstone contain scattered granules 
and pebbles of chert and quartz. Thin sections show 
that the grains in the aandatone are pooriy sorted. 

suhan^'ular to subrounded. and from 0 2 to 2 mm in 
diameter. In most parts of the rock these grains have 
the interlocking autured grain boundaries of a 
quartzite. but in small irregular areas a few minimcters 
in diameter, the individual sand grains are separated 
hy a matrix of fine-grained calcite. In the basal 
sandstone, the detrital sand grains consist largely of 
qudfli, with .subordinate chert, calcite, and fresh 
microchne. in order of decreasing relative abundance. 
A few rounded detrital grains of zircon and green tour- 
maline are present also. Sandstone above the basal bed 
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te similftr in character except that it contains chalky 

white grains of nr^illizeri Mrj-par and a few rounded 
mas&ee as much as z rnni in diameter of while ilay. 
Specks of light-brown limonite averaging about 1 mm 
in diameter are abundantly and evenly diawminated 
through some of the rock. 

Lm:i St ne of the Morrison is typically dense, thin 
bedded, litbogrepbic, and medium gray to light bluish 
gray. Some of H contains irregular olive-gray chert 
nodules as much as one-half inch (1 cmi long Some 
beds, and iNuticularly a 5- to 10-ft (1.5- to 3-m) thick 
bed that t* 10-15 ft (S-4.5 m) above the base of the for- 
niaiion, contain abundant spherical algal structures 
1 -3 mm in diameter that were identified as charophyte 
remains by Richard Resak. formerly of the U.S. 
Geological Survey (oral commun , 1951) The presence 
of charophytea is conclusive evidence of the nonmarine 
origin of this limestone (Peek, iWt, p. 11. 

CR£ I ACEOUS SYSTEM 
DAKOTA SANDSTONE 

Tlie Dakota Sandstone is the youngest formation in 

the sequence of consoHdated sedimentary rocks 
pretierved in the Minturn quadrangle. Only two hmall 
remnants of the Dakota— on the northeastern slope of 
Red and White Mountain — rrmain in thn q«adrani;le. 
but the sandstone is widespread tu the nurthwest and 
north. Just north of the quadrangle (Tweto and others. 
1970). the Dakota is 150-160 ft (45-48 ml thick. Ex- 
cept for 25-35 ft (7.5^ 10.5 m> of dark-gray thin -bedded 
shaly sandstone at tlie top. It consists entirely of light- 
gray sandstone. In some places the sandstone is 
medium to thick bedded and contains thin argillaceous 
seams and nodules; in others it is very massive, 
crosabedded, and is composed of a clean quartz sand. 
Lenses of conglomerate a few inches thick occur locally 
at the base of the sandstone or scattered through the 
lower 5-10 ft (1.5-3 m) of it. At localities farther 
north, as much as 40 ft (12 m) of conglomerate is pres- 
ent at the base of the Dakota Pebbles in the conglomer- 
ate are typically about one -half inch tlcm) in diameter, 
are well ronnded, and consist of chert, quartz, and 
white silicified volcanic nx k 

The sandstone of the Dakota is brittle but is hard and 
resistant, and it has a tendency to flractttre into bkicks 

that slide on the shales of the underlying Morrison For 
matiun and slopes below. An area of several square 
miles east of Red and White Mountain is littered with 
block?- of Dakot.i, jumI it is evident that the two small 
patches of Dakota bedrock near the top of the mountain 
are the last remnants of an extensive sheet that has 
been destroyed by sliding of detached blocks. 



UPPER CRETACEOUS 
AND TERTIARY IGNEOUS ROCKS 

Igneous rocks younger than Precamhrian occur only 
in scattered areas in the Minturn quadrangle. They in- 
clude (II a persistent sill of quartz latite porphyry in 
basal strata of the Belden Formation along the ran von 
of the Eagle River; (2) scattered small dark dikes in the 
Gore Range: and (31 patches of basalt and tuff on the 
sides of the Piney Rivery valley in the northwestern 
corner of the quadrangle. The sill is a northern exten- 
sion of the group of porphyry bodtes that charaetmrice 
the C<ilnrado mineral belt at This general longitude The 
northwestern edge of the main belt of abundant and 
varied porphyry bodies is in the Pando area, about 5 mi 
(8 km) south of the Minturn quadrangle. 

PAMio Kmnnntv fliLL 

The quartz latite porphyry of the Bill exposed along 
the canyon of the Bagle River was named the Pando 
Porphyry by Tweto <1951), who traced it to the Lead- 
ville area, where distinctive altered facies of it had been 
known as "White porphyry" and "Mount Zion porphy> 
ry" (Tweto, 1956). Throughout the area between Oil- 
man and Leadville, the Pando Porphyry occurs prin- 
cipally in one or more sills near the base of the Belden 
Formation, but it also forms silts in the Sawatch 
Quartzite and the Minturn Formaliun. The sills licrome 
thinner and less numerous northward; from near Pan- 
do northward Into tlie M intur n quadrangle, only one sill 
is present. This sill — in the Ri ldi ri — is niorr- than 100 ft 
(30 m) thick near the quadrangle boundary and about 
80 ft 04 m) thick at Giiman. North of Gihnan H tapen 
more rapidly und apparently cnmes to a wedge end in a 
covered area south of the mouth of Two Elk Creek. 

Geologic relations show that the Pando is the earliest 

and most wide.-^pread of all the porphyries in the 
mineral belt in the southern Gore and Mosquito 
Ranges. Isotopic dating by the K-Ar method established 
a T.ate Cretaceou!^ age of about 70 m.y. (millioin years) 
for it (Pearson and others^ 1962). 

The Pando I%rphyry is altered wherever eirpased in 
the Minturn quadrangle and through most of the '-r^iTion 
to the south. The only known unaltered occurrences of 
it are in the e«iter of a source phig or stock north of 
I,eadville The widespread pervasive alteration is 
deuteric. In mineralized areas, a later hydrothermal 
alteration is superposed on the deuteric alteration, but 
as the cheini.stry of the two stages was generally simi- 
lar, the liecund alteration merely accentuated the first 
one. and the two are difficult to distinguish. 

The deuterically altered porphyry conaiste mainly of 
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an aphanitic groundmass; phenocrysts confltitute only 
1-10 percent of the rock. The phenocrysts are prin- 
cipally altered plagioclase, typically in prisms 2-4 mm 
long, and smaller shreds of altered biotite. Quartz 
phenocrysts are generally present in smaller amounts, 
and potassium feldspar and smoky muscovite 
phenocrysts locally are scattered sparsely through the 
rock. The altered porphyry is light gray to orange gray 
or pinkish gray and weathers buff to yellowish gray. 

As seen in thin section the deutcrically altered rock 
consists of a slightly trachytoid groundmass and sparse 
phenocrysts. The phenocrysts are mainly plagioclase 
loligoclase) and biotite, invariably strongly altered, but 
also they include quartz in rounded to subhedral grains 
and occasional grains of moderately fresh potas-sium 
feldspar. The groundmass consists of these same 
minerals together with anorthoclase. Sphene and 
apatite are minor accessory minerals. 

In outcrop, sills of Pando Porphyry generally are 
characterized by a thin platy structure near and 
parallel to the contacts and by a crude columnar struc- 
ture in the interior (fig. 18i. Primary flow structures. 



described in detail by Tweto (1951), include textural 
layering, mineral orientations in the outer parts of a sill 
at right angles to the orientation in the body of the sill, 
mtrusive-stage folds and faults, and the platy parting, 
which was produced by differential laminar flow. These 
features were interpreted by Tweto to indicate a 
relatively viscous magma as compared with other 
porphyries that do not show theae features. The struc- 
tural features indicate intrusion from the south- 
southeast, the general direction of the presumed source 
pluton near Leadville. 

Chill zoned in the Pando Porphyry sills generally are 
only a few inches thick, but locally they were thickened 
to as much as 3 ft (0.9 m) by the intrusive -stage drag 
folds and thrust faults. The contacts between the 
chilled and unchilled porphyry are sharp discon- 
tinuities that reflect differential flow while the sill mag- 
ma cooled and solidified. The chilled porphyry is glassy 
in appearance, though microscopic study shows that 
moat of it is finely crystalline. 

Sedimentary rocks in contact with Pando Porphyry 
generally show only alight metamorphism. Black shale, 




FicuRE 18.— Columnar ■tructure in lill of Pando FSjrphyry expoaed in cut on U.S. Highway 24, one-half mile (0.8 km) north of Oilman. TTiin- 
bedded (trata of the Belden Formation are above the nil, and a karat pinnacle of Leadville Dolomite caata ihadow on embankment below 
highway. 
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the common wallrock of the porphyry, is only slit^htly 
hardened and sHghtly bleached for a few inches adjoin- 
ing the contact. Black limestone is slightly bleached but 
otherwise unaltered. Where the Pando intrudes Lead- 
ville Dolomite 2-3 mi (3-5 km) south of Red Cliff, the 
gray dolomite is slightly reddened for about 2 in. (5 cmi 
from the contact. As .seen in thin section, the dolomite 
is finely brecciated and is cut by minute veinlets of 
quartz and hematite. The dolomite also contains a few 
specks of hematite and a few blades of sericite that may 
have been introduced from the sill. 

In contrast to the negligible effect of the sill on its 
wallrocks, the wallrocks seem to have affected the 
deuteric alteration within the sill, for the type of altera- 
tion seems to correlate with the type of wallrock. WTiere 
the Pando Porphyry sill intrudes shale of the Belden 
Formation, the sill is characterized by a scricitc- 
anorthoclase type of alteration. In contrast, small sills 
of Pando in Sawatch Quartzite just south of the quad- 
rangle in the Pando area (Tweto. 1953> are charac- 
terized by chlorite-allophane alteration The difference 
in alteration with difference in wallrocks suggests that 
the wallrocks either influenced or caused deuteric 
alteration, probably by supplying water to the cooling 
sills which, as judged by metamorphic effects and struc- 
tural features, were intruded as "dry" and viscous mag- 
mas. 

Where the enclosing rock is shale, the dominant 
mineral in the Pando Porphyry is moderately coarse- 
grained sericite which makes up a large part of the 
groundmass of the porphyry. Biotite is altered to coarse 
sericite or muscovite accompanied by calcite, leucoxene, 
and small crystala of included apatite (fig. 19). Chlorite 
ia absent. The feldspar phenocrysts are irregularly 




FlovHB 19. — Pando Porphyry showing phenocryst or biotite altered 
to aehcite, leucoxene, and calcite, and ■ericitic ([roundmaiw 
Crossed polara. 



replaced by an isotropic clay identified microscopically 
as allophanc. Both the feldspar and the allophane are 
veined by anorthoclase or by a more sodic plagioclase, 
which remains fresh. In the remaining allophanized 
portions of the feldspar grains, fine-grained sericite 
later formed abundantly. Except in the altered biotite 
grains, calcite or other carbonates are lacking in the 
deuterically altered porphyry, though they are 
generally present where the rock was further altered 
by late hydrothermal solutions. Pyrite is locally present 
in small amounts in the deuterically altered porphyry. 
Quartz and apatite are unaltered. 

Where the Pando Porphyry has quartzite walls, 
biotite in the porphyry is changed to chlorite, and 
feldspars are extensively allophanized. The chlorite is 
accompanied by minor amounts of sericite. muscovite, 
montmorillonite, and leucoxene (fig. 20). Some chlorite 
is partly replaced by montmorillonite which, in turn, is 
replaced by sericite. Both the plagioclase and the 
potassium feldspar are strongly allophanized. and the 
allophanized plagioclase is partly altered to hydromica 
(about 10 percent) with some sericite. Potassium 
feldspar phenocrysts are strongly allophanized and 
contain many small irregular masses of chlorite which 
probably represent former inclusions of biotite. 
Moderately coarse sericite is abundant in the ground- 
mass where it apparently represents groundmass 
biotite. Pyrite and carbonate are absent in the 
chloritized porphyry in quartzite and no evidence of 
silicification was observed. 

The early allophane in both rocks and the accom- 
panying chlorite in the one suggest only the addition of 
water and some leaching of iron. The abundant sericite 
and accompanying anorthoclase and late sodic 




Figure 20 —Pando Porphyry ahowing biotite phenocryat altered to 
chlorite and opaque oiidca. Potaasiuin feldspar phenocryst at left 
is allophanized. Plain tranamitted light. 
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idagiociase of the other rock suggest addition of alkahes 
■t • later stege. At the time of intnuion. the wallrocks 
'vfTP almn<5t certainly water saturated, as indicated by 
mudiiiurie dike's near some porphyry contacts in the 
Pando-Leadvilie area; these dikes must have been 
emplaced as mud slurries. A sill of relatively dry maK- 
ma intruded into saturated rocks might first absorb 
wattr nearly free of solutes, perhaps in the vapor 
phase, and then, with paMing time and the transfer of 
heat farther into the waUrocka. water containing 
alkalies leached from shales might be supplied. Where 
Um wallrackfl conaisted almost entirety of clean quartz 
aandrtone or quartzite. alkalies were not available in 
quantity, and alterHlion stopfwd at the allnphane 
chlorite stage, except that alkalies liberated by 
allophanization of the feldspars and chloritization of 
biotite became available (o form the relatively minnr 
hydroinica and sericite of these rocks. In the shale en- 
▼ironraent. the alkali-hearing aolutions from the 
wallrocks probably contained a relatively hi^h propor- 
tion of potassium, inasmuch as the potassium feldspar 
crystals are Uttle aerieitiaed, whereas hiotite ia com- 
pletely altered to sericite and Ipucnxrne 

The formation of potassium and liodium feldspars 
would decrease the ratio of alkalies to hydrogen ion. 
and, as shown in the dianranis of Hemley and Jones 
(1964. figs. 1 and 2i. this would shift the field of 
equilibrium from feldspar towards mica and ultimately 
to kaolinite-pyrophyllite. The shift from feldspar to 
mica is evident in the mineralogic relations in the 
altered porphyry; hut the kaolinita-psnrophyllite stage 
was not raa^ad, probably bacauaa equilibrium in 
saturation between wallrocks and sill was reached in a 
relatively short time, ending the transfer of solution to 
tha sill. During the process of deuteric alteration, iron 
and uagneeiwtn «wra largely expelled, though some 
iroD was fixed locally pynte or aiderite. 

DKB ROCKS 

Scattered small dikes of dark fine-grained igneous 
rocks occur along faults in the Precambrian rocks of 
the Gore Range, aapecially near the northern boundary 
of the quadrangle. The (fikes are somewhat more abun- 

dant northward in the Mount Powell (juadran^jle hut 
are absent southward through the remainder of the 
Gore Range (Tweto end oUiera, 19T0). Only one small 

dike has been found in the aedimentary rocks; this dike 
cuts grit of the Mintum Formation on Pitkin Creek 
about on»-half mile (0.8 km) from Gore Creek. 

The dikes are latite, dacite. and quartz basalt porphy 
ries, some of which have lamprophyric characteristics, 
In the Slate Creek area and nordiward into the Mount 
Powell quadrangle, most of the dike^ more than 4 or 5 ft 
(1.2 or 1.5 mi wide contain sanidine phenocrysts in 



their inner zones, but the small dikes arc aphanitic. 
Theae dikea are inferred to he related to the trachytic 

intrusive and volcanic center at Green Mountain in the 
Mount Powell quadrangle (Tweio and uihers, 19701. 
The dikes are considerably altered deuterically and 
therefore cannot be closely characterized petrograph- 
ically. They seem to have consisted originally of a 
groundmasa of small andesine laths and magnetite 
grains in a matrix of low-index feldspar, poaaiUy 
anorthoclase. and phenocrysts of labradorite, 
pota.ssium feldpsar, hornblende, augite, and minor 
biotite and quartz. Some contain as much as 3 percent 
apatite. Ctolcite and chlorite are abondant alteration 

products, and one dike. 12 tiii il 9 km> southwest of 
Upper Slate Lake, contains the zeolite scolecite in abun- 
dance. The rock is clasaed aa a lamprophyric latite. 

Dacite porphyry dikes on the western side of theGote 
Range, on the slopes above the upper Piney River, are 
characterized by abundant phenocrysts of andesine. 
some of which are as much as an inch (2.5 cm) in length 
and by small anhedral grains of hornblende. The 
groundmass is a very fine grained aggregate of 
oligoclasp, quartz, potassium feldspar, biotite. and mag- 
netite. Sphene is a relatively abundant ac<»8sory 
mineral, and apatite, epidote. and allanite are present 
in small amounta. 

A short dike on the ridge between Bighorn and Pitkin 
Creeks and the dike in the Mintum Ftomation near the 
mouth of Pitkin Creek are quarts baaalt. In the dike on 
the ridge, tome of the quartz is in rounded grains that 

may be xenocrystic, although quartz occurs also in the 
groundmass. In the dike on Pitkin Creek, quartz occurs 
both in the groundmass and as 2-3 mm phenocrysts 
with !iquare cross-section, suggesting original 
cnstobalile. The pla^riocla.se phetiocrysts of the basalt 
porphyries are labradorite. An^_^, and the plagioclase 
of the groundmass ia andesine, An^g. The dike on the 
ridge contains about 25 percent of pyroxene in the form 
of acgerine-augite and pigeonite. The pigeonite rims 
and replaces the aegerine-aogite. The dike on Pitkin 
Creek contains 11 percent augite and 5 percent biotite. 
The magnetite content of the two rocks is 5 and 8 per- 
cent, respectively. 

The dike rocks are considered to be of middle to late 
Tertiary age. The basalts presumably are related to the 
besalta of the Piney River which, aa shown in the 
following discussion, are Miocene in age. The latites 
and dacites seem to be related spatially and composi- 
tionally to the Green Kfountam Intrusive-volcanic 
center in the Mount Powell quadrangle Geologic evi- 
dence suggests that this center is of late Tertiary age 
(Tweto, 1967), attheugh a single fission-track age of 
about .10 m y Naeser and Others, 1973) suggaste a late 
Oligocene age. 
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VOLCAMC ROCKS 

B«Mlt and toff or voicanic ««h occur in patches high 
on th« ddea of the PtaMy River vaOajr in th« north- 

wientfTr. < omer of the quadrangle. Basalt caps a rid^je 
and knob northeast of the junction of Meadow Creek 
and the Plnejr Rhrar between tiie 9JOO> and BJBOO'h 
Contours, .^nd it r,rcur.s .hIso in n Hin.rill patch lu(li on the 
east slope of Red and White Mountain at tlie I0,a00-ft 
eootoiur. Tuff or ad) eropa ool in a nanvw belt at die top 

of the cliffs on the west side of the canyon of the Piney 
north of Dickson Cr«ek, between the 9.400- and 9.760-ft 
oootours. The tuffpnibaUjr underlies orach of the area 
covered by surficial deposits on the east and north 
slopes of Red and White Mountain (pi. 1). 

These occarrenees are erosion al outliers of a 

moderately extensive basaltic volcanic field in the 
Piney River area and along the Colorado River north of 
the quadrangle. As mapped by Brennan (1969) and 
Dorm 11 '949), this volcanic field extends from about 3 
mu5 km) north of the Minturn quadrangle northwest- 
ward about 14 mi (22 km) to Yarmony Mbontain. north 
of the Colorado River. The volcanic sequence consists of 
superposed basalt flows which locally are separated by 
beds of volcanic ash or by lenUcular fluviatiJe deponts. 
Donner M949) distin^ished at leai^t nine flows, each 
25-150 ft (7.6-46.7 m) thick, m the State Bridge area; 
he also mapped a persistent bed of tuff and breocia be- 
tween the fifth and sixth flows. Taggnrt n962) recog- 
nized more than 25 flows, each 5 40 it (1.5-12.2 m> 
thick, on Piney Ridge, east oT the Piney River, and he 
noted thin beds of calcareous tuff hotwf»en somo of 
them. In the lower valley of the Piney Hiver. tuffaceous 
sedimentary rocks several hundred feet thick overlie 
the basaltic rocks (Brennan, 1969). On the basis of 
Uthology, vertebrate foestis, and intercalated ash beds, 
the sedimentary rocks might be assigned to the 
Troublesome Formation of Middle Park, the North 
Park Formation, or the Browns Park Formation, all of 
Miocene age (Izett, 1968; also oral common., 1970). 

The tuff in the Minturn quadrangle crops out for 
about a mile (1.6 km) northwestward from the Dickson 
Ranch, at a tevd about 800-900 ft (240-270 m) above 

the Piney River. It lies (jn a pullied surface with relief of 
as much as 75 ft (22.8 m) cut over strata of the Maroon 
Formation. It is overlain by 60-76 ft (16-22.8 m) of 
.•^urficial material,^, which are discussed in the following 
section. Maximum exposed thickness of the tuff is 
about 200 ft (61 m). The tuff is light brown to yellowish 
white, coherent and tough but porous and friable, and 
distmctly "light" in weight, or specific gravity. Much of 
the tuff oontains charcoal specks, and the upper 50 ft 
'l.'i m< contains abundant chunks of white npal n.s well 
as fragments of opalized twigs or rootlets. Bedding is I 



faint or absent. As seen microaeopiically, the tuff ood> 
sists principally of pyroelaatie materials but contains a 
minor fraction of foreign material.^, such a.s microcline, 
rounded quartz grains, epidote, muscovite, and proba- 
bly some biotite. The pyroclaitic fraction ooniuto in 
part of faintly anisotropic, turbid, partly devitrified 
glass and in part of isotropic glass shards, crystal frag- 
ments of plagioclase, potassium feldsfiar, biotite, and 
hornblende. Refractive index of the gla.s.s is 1.49 as 
determined by G. A. Izett of the U.S. Geological Surv^. 

The basalt in the Ifintum qoadrangle is near an- 
desite in composition and is notable for the presence of 
rather abundant potassium fetdspar in the ground- 
mass. The rock is dark gray, vesieuhr, and aphanitic, 
except for a few plagiocla.se phenocrysts as much as 4 
mm long. These phenocrysts are conspicuously zoned 
and have cores of labradorite with rims of oKgodasB. 
Grains of ,itii::fi' l mm in di.-fn-.i^t*/'- constitute 

about 25 percent of the roclu Olivine is present in scat- 
tcf«d grains about the same fllie aa tiie nugite; Both Um 
augite and the olivine arc extensively altered to id- 
dingsite and to a rme-grained low-index chlorite. The 
groundnuua la a vary fine grained mixture of twinned 
acicular andesine, tabular orthoclase, and spnrsp ac- 
cei>M;ry inagnelite. Flows near State Bridge were 
described by Donner (1949) as olivine-bcaring hy- 
persthene andesites and olivine basalts. 

The stratigra|»hic relationship between the tuff and 
the basalt in the Minturn quadrangle is not evident, 

owing to the isolated exposure.^. Ab.sence of ba.salt 
beneath the tuff suggests that the tuff may be the older, 
but the two rocks could intertongue, or if the basalt 

were discontinuous, the tuff could bo the younger. 
Further, the precise relation of the tuff to the sequence 
of tuiffs and siHstones farther north is unknown, hot on 
the basis of general similarity in charactor, thqr are 

assumed to be of about the same age. 

Fo»t>il dog reinains from the tuffaceous sedimentary 
rocks on the lower Pincy River lE '/a. sec. 1, T. 3 S.. R. 8S 
W.) were described as Cynodesmus ca-wi and assigned to 
the early Miocene by Wilson (1939). Reappraisal of this 
fossil and study of other vertebrate fossils found later in 
these strata led G. Edward Lewis of the U.S. Geological 
Survey (written commun., May 1, 1970) to assign a late 
Miocene age. Lewis referred Wilson's specimen to 
Tomaretua thorn soni (Matthew) rather than to 
Cynodesmus eoaei and, from other foaail oonaetiooa in 
the area, identified: 

1. tht 6ai» Ampkieyon up. and TbrnareTttt ip. 

2. The oreodoat flhor/i.vrruji sp. cU>»e to B MUiDjkOTi Sehidtl SSid 

Kalkenbach and It ui!:'ini Si hiilt; .it.d Falkenbach 
3 The hof'ie Meryrhippu-, -(i iln.^-c U; Si uHuirauJi iCopel 

I Basalt from Yarmony Mountain in the Piney River 
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PlOUBK 21. — Rugged topography formed by glaciation in Gore Range. View aouthwestward from Upper Slate Lake. 



basalt Held has been dated isotopically as 21-24 m.y. 
(early Miocene) in age (Mutschler and Larson. 1969). 
As the basalts underlie the fossiliferous tuffs and 
siltstones, this age is consistent with the late Miocene 
age of the vertebrate fossils. 

PHYSIOGRAPHY AND 
UPPER TERTIARY AND QUATERNARY 
UNCONSOLIDATED DEPOSITS 

Physiographically, the Minturn quadrangle consists 
of three main units, corresponding to the threefold divi- 
sion in its bedrock geology. The Gore Range, on the 
northeast, is characterized by deep canyons and knife- 
edge ridges created by intense glaciation (fig. 21). The 
flank of the Sawatch Range, on the southwest, is an 
area of shallower glacial canyons, separated by broad, 
evenly incHned dip slopes (fig. 22) that rise southwest- 
ward toward high and rugged peaks that lie outside the 
quadrangle. The broad area between the two ranges, 
corresponding in general to the area underlain by the 
Minturn and Maroon Formations, is an area of smooth 
ridges and slopes and deep stream valleys (fig. 23). 

The fluvial and glacial erosionai processes that pro- 
duced these landscapes also produced deposits, such as 
stream gravels, moraines, and colluvial blankets. 
Although the preserved deposits are small m com- 
parison to the volume eroded, they provide a record of 
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the character and timing of the erosionai processes. 
This record begins with local and generally scanty 
deposits of late Tertiary age and extends with increas- 
ing clarity through the Pleistocene Epoch to the pres- 
ent. 

The earliest deposits related to the existing topogra- 
phy and physiography are the tuff and basalt of the 
Piney River area at the north edge of the quadrangle. 
These volcanic materials were deposited in a broad 
valley that was centered approximately over the pres- 




FlGURE 22.— Dip liopMon flank of Sawatch Range. View northwest- 
ward acroaa mouth of Btahop Gulch; canyon of Croas Creek in mid- 
dle diitance. 
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PlGUKE 23. — T>'pical topoKrnphy m area of Mintum Formation. View 
northwestward across valley of Gore Creek toward Bald Mountain 
(on skyline). Gore fault larrow) is in front of crest of Bald Moun- 
tain. Precambnan rocks in back of the fault. 



ent valley. Within the quadrangle, where the valley of 
the Piney River was greatly deepened hy glacial erosiitn 
and related stream culling, remnants of the old valley 
bultom as defmed by the volcanic rocks are several 
hundred feet above the present .stream I pi. 1. sec. 
£>- D'l. Farther north, however, the volcanic rocks ex- 
tend to the bottom of the present valley, indicating that 
the valley was both wide and dwp in Miocene time. 
Other stn-ams in the sedimentary terrane. such as 
Gore. Red Sandstone, and Turkey Creeks and the Eagle 
River probably occupied similar valleys in a rolling up- 
land of low relief in the Miocene, but no direct evidence 
of this has been found. 

Aside from the volcanic nicks in the old valley of the 
Piney River, the oldest deposit related to the present 
physiography is a thick and old colluvium that mantles 
the high slopes in the northwestern part of the quad- 
rangle. The colluvium covers some of the luff along the 
Piney River: hence, it is younger lhan late Miotene 
Shallow cirques of the earliest recognized glaciatif>n are 
incised below .some of the colluvium-mantled slopes, 
and m places the colluvium .seems to extend beneath 
ancient glacial drift. The colluvium is, therefore, 
preglacial. It is judged to be Pliocene and possibly early 
Pleistocene in age. 

The glacial history of the Pleistocene Kp4)ch is repre- 
sented by an exceptionally rich record, as almost every 
drainage of consequence in the quadrangle was glaci- 
ated at least once. This record takes ihe form both of 
erosional features, such as canyons and cirques, and of 
depositicmal features, such as moraines and valley 
trains of t)Utwash gravels. Studies made subsequent to 
our main Held work in the Minturn quadrangle indicate 
thai as many as nine distinct epi.sodes of glacial ad- 
vance and retreat occurred in the mountains of central 



Colorado (Twelo, 19611. Ofthe.se. two are tentatively 
correlated with the pre-Bull I>akc glaciations defmed by 
Richmond (1980. 1964<: two are correlated with the 
Bull l^ke (jiaciation; three are correlated with the 
Pinedale Ulaciation (Blackwclder. 1915; Richmond 
19601; and two are Neuglacial or Holocene. All nine are 
represented by deposits m the Minturn quadrangle, but 
they are depicted only in two main groups on the map: 
(li pre-Bull l.iike and r2i Bull Lake and Pinedale un- 
divided, although deposits of these two glaciations are 
separately distinguished in a few critical areas. 
Deposits of the two Ncoglacial epi.sodes exist in many of 
the cirques of the Gore Range but were not mapped. 
Relicts of the later of these, if not of both, are repre- 
sented by many ice-cored rt)ck glaciers in the high 
cirques. The glacier shown on the map (pi. 1> at the 
head of Black Creek was active in 1942 when dis- 
covered by l>overing. but it had degenerated to a 
boulder- and snow covered b<jdy of stagnant ice by 1969 
when it was revisited by Bruce Bryant in connection 
with the study (»f the Gore Range Primitive Area 
(Tweto and others. 1970). 

The glacial epoch was a time of prcmounced erosion of 
vallevs and canyons, btith by glacial ice and by streams. 
.^l the tmie of the pre-Bull Lake glaciations. deep can- 
yons, such as those of the Flagle River and upper Gore 
Creek, did not yet exist. The early Eagle Glacier, for ex- 
ample, occupied a broad valley whose bottom was at the 
level of (iilman and the present canyon rims, as shown 
by the relation of ancient glacial drift to the topogra- 
phy, By the time of the succeeding Bull Lake Glacia- 
tum. the <-anyon had been cut to a depth of about 400 ft 
(120 mt in hard rocks, as shown by the location of a till 
of early Bull Lake age on the canyon sides. By the time 
of the Pinedali« Glaciation. the canyon had reached its 
present depth of .'iOO 600 ft (1 50 1 80 m i . or was even 
a trifle deeper. No deepening of the valleys has occurred 
since the Pinedale Glaciation and, in fact, many of the 
valleys have been aggraded by a combination of stream 
action, colluvial processes, growth of alluvial fans, and 
landsliding. 

Some part of the canyon cutting was certainly ac 
complished by the glaciers, but the bulk of it seems to 
have hi'en produced by stream erosion, as the cutting 
iK.'curred after the valley or canyon was iK-cupied by one 
glacier and before it was occupied by the next. Melting 
"if ice manv cubic miles in volume upstream from a can- 
yon may have bi?en a factor in the canyon cutting, but it 
probably was not the only factor. Canyon cutting occur- 
red after early glaciati<m in many places in the Cor- 
dilleran region (Richmond. I965i. suggesting that 
climatic or orogenic factors might als4i have been in- 
volved. 
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TtRTLVRV AND PLEISTOCENE(?) 
CXNXUVIUM 

The upper slopes and tops of smooth ridges nnrtheast 

.ind >iiulhe.i>t dTRimI ;m'I Wliiii- Mountain an- m.uuli'd 
in places b> thick culluvium that cantainii abundant 
blocks of lifi^t •colored ssndstnne from the Dakota. Mor 
rison. am! Kntrjida Kurni.it lun-- In nlhrr placi's, 
bedrock surfaces un the Maruun Formation are htlered 
with the sandstone blocks, or with trreRular masses or 
nodules of \ ,ini olorcH chert, or both. Gr:id:ition of 
sandslune-beanng culluvium iniu areasi uf iMilaied 
sandstone blocks restini; on bedrock suiwesis that the 

i-:o!;itf'fl tilofks nrc rc-:tdual frrtnt th»* t-rosiDn of ihecol- 
luvium. Some ut ilie wandsiorte blocks are partly 
replaced by varicolored chert. The same chert has also 
locally replaced urit and thin limestone beds of the 
Maruun Formation at the erosion surface on which the 
blocks rest. This SUgsests that the chert formnm proc 
eS8 was related to weathering at and followini; the time 
in which the sandstone bearing culluvium accumul 
ated 

The culluvium consists of angular and subangular 
sandstone frafnnents i>f various sizes up to several feet 

across, scattered limestone frau'"i» nts, and puces of 
chert in a brown sandy or clayey matrix. Gullies 
through the colluviont indicate that it is as much as 
50 75 ft US 22. H mi thick, Bj^ause ihf coliuviuni is 
un liiupes below the itmall area uf MeMozoic ruckn cap 
pini; Red and White Mountain and contains no 
materials other th,iii Mcso/mc rocks and niinur il. liris 
fnim the Maroon Formation, it i6 believed tu represent 
an apron of debris that formed as cliffs of the Mi'st»»iu 
san l-TufH s rcti i iti'd toward ihr crest of Red an<l While 
Mountain The debris accumulated on the .side uf the 
bniad old valley of the Piney River, and it extended o\'er 
the volcanic riH'ks llmt also coat the >irles of that i»ld 
valley. Because thesie volcanic rocks are Miocene and 
possibly late Mi<H-ene in aite. and becau.se the culluvium 
predates the »Milu'>:t reco^ni/ed ^laciatiim, the cnl 
luvium is retiaidi ci as Plii>cene and possibly early 
PleistiH-ene m aye 

The chert associated with the coliuviuni i- distinctive 
in its varied color and in the extreme irregularity uf (he 
pieces or lumps in which it occurs, it differs markedly 
from the ulive-jiray chert that is present in minor 
amount in the Morrisim Formation on Red and White 
Mountain and could not have been denxed lioin that 
source. The chert is wallered over the broad, mature 
entsiun surface that forms the divide between (he Piney 
and the liable Rivers suutheast of Red and White Mmiii 
tain. It 18 especially abundant in the channel t>f un in- 
termittent stream that joins Buck Creek from the ntirth 
at about the 10.000'fl contour. 



Must uf the luuse chert is free of matrix materials, but 
some pieces show remnants of sand.stone. limestone, or 
grit. Chert in sandstone blocks is in ({lobular or veinlike 
forms. Chert in limestone and urit of the Maroon For- 
matiun at the stripped erosion surface is in small, 
sharply antular. blocky bodies. 

The chert is white to dark gray and various shades of 
vellow. red. and brown; much of it is varies at, H Most of 
It IS dense, but the larger lumps commonly cunlain vugs 
lined by quartz or— rarely— by calcite. In all types of oc- 
currence, the chert fjenerally shows .several >;enera- 
ttons uf deposition. As seen in thin section, chert that 
has replaced limestone at the outcrop of the Maroon 
Formation consists m lar>je part of Tine grained quartz, 
the earliest silica mineral. Thin layers of fine grained 
hematite coat this quartz. The quartz is cut by veinlets 
of coarser chalcedony in filxTs that have an ordered ar- 
rangement and that maintain optical continuity across 
the hematite bands. The ehalcedony is ui turn coated by 
' quartz in microvii^s. and some of these openings con- 
tain still later growths of chalcedony, quartz, or calcite. 

A good example of chart that has replaced arkostc red 
sandstone of the Maroon Formation was seen in a 
boulder near the head of Buck Creek, The chert, in an 
irregular body about 8 ft (1 ro) long, has a dark -red 
hematite-rich core. This core i? veined and is rimmed 
by sahnon-pink chert that contams far less hematite. 
Ilie sandstone adjoining the chert is pitted by solution 
cavities and is decolorized in a band about an inch wide. 

The occurrence, character, and paragenesis of the 
chert together indicate that the chert formed under 
superpene conditions, at and near the base of the col- 
iuvium covering an old erosion surface. The successive 
generations of deposition recorded in the chert indicate 
fluctuating conditions that could well reflect fluctua- 
tions in amount and in composition of descending 
ground waters. The leaching of hematite in red beds by 
the chert-depositing solutions, and the wide ranges in 
iron content suggested by color contrasts in the chert, 
indicate that solutions that were able to dissolve 
hematite existed at times. Because hematite is stable in 
most natural solutions of inorganic composition, these 
fcatores strongly su^'^jest that the solutions contained 
organic compounds. Vegetation at the surface of the 
cottuvium would have been a ready eouree for such com- 
pounds. 

PRE-BIJI.LI.\KK GI.At I A l IONS 

During the two pre-Bull Lake gtaciations more of the 
quadrangle was covered by ice than in any subsequent 

tiiTie ntacicr.s existed durint? one or l>oth of the early 
glaciations in several area.s that were never glaciated 
again: In tributary gulches on both sides of W e.ir> man. 
Two Dk. and Mill Creeks, and at the heads of Turkey, 
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'Rmber. Lime. Willow, Game, Spraddle, Freeman, and 

Dickson Creeks. The largest of the early g^laciers oc 
cupied the valley of the Eagle River from the southern 
edge of the quadrangle northwestward to Mintum. Thia 
glacier originated more than 16 mi f24kni)to the south 
of the quadrangle, and glaciers in the valleys of Fall and 
Croea Creeks were tributary to it within the quad- 
rangle Deeply weathered till that is the chief evidence 
of thiti glacier occurs in scattered patches, either as 
blanketlike deposits without morainal form or as 
damlikc bodies 'n 'he valleys of sidestreams and 
gulches. One of ihe larger till bodies lies on the d»p slope 
west of Oilman, where it extends froiti h little above the 
canyon rim upslope to about the 9,500-fl contour. Loca- 
tion of this and other remnants of the till indicate that 
the valley occupied by the glaiier descended rapidly 
from the level of GilnMn. 550 ft (170 m) above the pre- 
sent Eagle River, to the level of a rock bench on the 
north side of Martin Creek. 2.50 ft iV.'i m i above the 
valley floor at Minturn. Morainal remnants at this 
locality are the most distal that have been found; if the 
glacier extended farther, the evidence has been 
destniyed 

Trunk glaciwi s al*^ existed in the Gore Creek and the 
Piney River drainages during the pre -Bull Lake glada- 
tions Alone Onrc Creek, m idi'rice of thc.'^*' f;laciatif»n<? is 
in the lurm of Hcattered blankctlike depoiiitB uf till high 
on the valley walls, above the lateral moraines of Bull 
Lake age. The old glaciers in the Piney River drainage 
.fproad southward over the drainage divide into the 
drainages of Red Sandstone and Indian Creeks. The 
ridge between Indian and Freeman Creeks, for exam- 
ple, IS capped by old till that Contains boidderB of 
Dakota Sandstone. The sandstone is thought to have j 
been derived from an underlying coUuvial blanket and ' 
to have originated on Red and White Mountain, though, . 
conceivably, it ( tiuici have ruriie from remnants of a | 
sedimentary cover on the (iore Range. [ 

The older of the two pre-Bull Lake tills is typically ! 
red brown to brown and contains soil, weathered | 
boulders in a tough, clayey matrix. Where extensively 
eroded, however, it is buff to light brown and sandy. The 
younger till ha« the same general characteristica but is 
a lighter t;hade of brown and not quite so clayey and 
tough. In many of the smaller old cirques and glacial 
valleys, these tills are heavily mantled with colluvium 
derived from the cirque walla, and hence th^ are 
shown on the map as landslide and cotluvium." 

Weathering and colluvial creep have destroyed or have 
buried any cliffs that existed in the old cirque walls, 
forming basins with characteristic steep smooth slopes 

at the heads of minor stream vtilleys The Vail ski area 
owes the excellence of its ski runs to this modified I 
glacial topography. I 



BULL LAKE GLACIATION 

The Bull Lake Gladation was characterized by the 
longest and thiekeat leaders ever to occupy the Mb- 
turn quadrangle. The glaciation was in two ey is uIps nr 
stades, separated by a period of time k>ng enough to 
aMow appradahle modiflcatioD of the morainaa of fhe 
first stade and some weathering; of the till before the 
second glacial advance occurred. Large lateral 
BMMraines along the valley sides hundreds of feet above 
the valley bottoms are the hallmark of these two glacial 
advances. Terminal moraines are inconspicuous 
baeause thay ware OBtensively eroded by the meltwatcr 
streams from younger gladecB with fiuata farther up 
the valleys. 

In gmeral, the giadera of the aarilR' atade extended 

farther down the valleys than did those of the later 
stade, but in many places ice of the later stadc reached 
higher levels on the valley walls than in the early stade. 

Because of thi.s and also because ice of the late stade ex- 
tensively eroded the lateral moraines of the early stade 
in places, morainal evidence of the early Stade of the 
Bull Lake is much less abundant than for the late stadc. 

Although the two sets of Bull Lake moraines differ 
preceptibly in degree of modification and weathering, 
titgether they are intermediate between the generally 
formless and deeply weathered pre-BuIl Lake morainal 
deposits and the hummocky and bouldery moraines of 

frt sh till characteristic of the Pinedale Glaciation Tl^e 
Bull Lake moraines typically form benches on the 
valley walla, but where unimpeded hy such walla, th^ 
form ridges. These ridges generally have smooth slopes 
with few or no boulders lying on them, tn contrast to 
rough and bouldeiy morainal ridgsa characteristic of 
the Pinedale. Stream acUustment to the Bull I-ake 
moraines is complete, and extensive segments of the 
moraines have been eroded in the proccaa. 

LMil.l RI\>:R AM) 
TRIBlTAraE.S FROM S.WATCH RANGE 

In the early !>ladc of the Bull Lake, a glacier deep 
enough to have covered Iron Mountain at Red Cliff en- 
tered the quadrangle from the south and extended at 
least to Mintum. Morainal evidence of tUs glacier is 
scanty. Patches of lateral moraine lie just above the 
canyon rim west of the river and, near the lower end of 
the canyon, till of this age lies on bedrock 150 il (46 m> 
above the river. Although the glacier wa.s very large 
south of the quadrangle, it seems to have tapered 
rapidly between Red Cliff and Mintum. It may have 
rrac}ii-<i Minturn only because of nourishment from the 
Fall Creek and Cross Creek tributary glaciers. 

During the late atade of the Bull Lake, the Eagle 
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Gteder tcnniiuttod about at Rod CUff. No terminal 
moraine remains, and probably none was formed, for ail 
tha drainaca from a vaiy astenim facial iEyatam was 
bar* fonnalad into tiia narrow canjmi of tha Eagle 

River, presumably as a torrent that might have carried 
away almost all of the d^ria of the terminal area. 

BoU Uka glaciari in tlM vallaf of FkU (Vaak formed 
prominent high compound lateral moraines that extend 
tor 3-4 mi (6-6^ km) akmg the vaUey. Ice of the early 
atada joinad tha Bagla Glacier at tha kvd of a badrock 

sill 250 ft (76 m) af':'OVC thi~' prri^f-nt rnrvon, nnrf thnt nf 
the second stade formed a small terminal moraine one- 
half mile (0.8 km) ■hort of the mouth of thia hanging 
valley. Ice of hof h. stades also npilled prongs southward 
into the valley of Peterson Creek. The big lateral 
moraines lie on pre-Bull Lake tills, as along Notch 
Mountain Creek, and extensive blaakata «f tb« aarly 
uib extend upslope from them. 

The Cross Creek drainage containad larce Bull Lake 
glaciara that originated in cirquat aavaral miles south - 
waat of the quadrangle. Unlika Pall Creek and many 
other valleys. Cross Creek TaUay contains only short 
■ a gm a n ta of lataral moninaa «f any aga, praaumably 
bacauae glacial movamant and aroaion ware too 
vigorous ti at!<jw them to form or survive In the ter- 
minal moraine area at the mouth of Cross Creek, only 
tha nartham portiona of the Bull Lake terminal 

moraines btp prf-sprver! These ;ire in the form ofhij^h 

morainal ndgea. The older ndge curves northward, as if 
joining a ^ariar in tha valley of tha Eagla Rivar, but the 

younger one extends strnipht eastward to a truncated 
front above the Eagle River where it rests on bedrock 
60-75 ft (18-23 m) above tha valley floor. Oearty. the 
late Bull L.ikf Cm".- Crrt'k (51?iricr and bIho the next 
succeeding F^inedaie Giacier, I'orcea the t'^i^k River 
aaitward against tha valley wall, causing erosion that 
aCOOonta for tha apacUcular cliffs of the Minturn 
Fbrmation between Minturn and the mouth of Eagle 
Canyon (fig. 12). 

Tha vallaya of GrouM and Waat Orouaa Creaks were 
oocupiad by BuH Lake glaciers that were very narrow 
but had lengths of 5-6 mi (8 10 km i Moraine of the 
late stade of the West Grouse Glacier is at the level of 
tha Eagle River below Minturn. An even narrower 
glacier of probable Bull I^ike aRc descended the canyon 
of Stone Creek, at the western edge of the quadrangle, 
to a amall tarminal moraine batwean tha 9.000- and 
9.500-ft oonloura, 

CORE CREBK DRAINAGE 

The Gore Creek glaetera of Bull Lake time were the 

largest in the quadran^jli- In l)'>:h stades, ice reached 
levels 1,100-1,300 ft (33a 400 mi above the present 
vallay bottom in tha vidnity of Black Gore. Bighorn. 



and Pitkin Creeks. The glacier of the early stade de- 
scended Gore Creek to a terminal moraine area just 
southwest of tha Gore Craak Sclwol, or to a point about 
1.5 mi (2.6 km) from tha Eagle River. The terminal 

moraine is much dissected, and as shown in road cuts, it 
resU on a bedrock surface that is 40-50 ft (12-15 m) 
above the present stream. The glacier of the saeond 
stade was about 2 mi (3 km) shorter; it extended to a 
terminal moraine area in the vicinity of Red Sandstone 
Creek. This moraine is alao estansively dissected. The 
larvie^t rcmnnni i - a terraced deposit nritl!"ed by the 
: 8.2&0-ft contour juat east of Red Sandstone Oeek. 
Other remnanla to tha south of this ara knobs and 

ridpes of till separated by channels cut into the till by 

j Gore ("ret k, probably m Finedale time. 

I In both stades, the glacier coming from the head of 
Gorr Treek. 34 mi '5 65km) ea.st of the quadrangle 
baaiidary, waa heavily augmented by tributary glaciers 
within the quadrangle. Maaaiva glaciers also descended 
Black Gore Creek from sources in the West Tenmila 
drainage east of the quadrangle. The ice from this 
source spilled through Vail Pass, bearing a load of 
tellule porphyries that are foreign to tha Gore Creek 
drainage. A prominant lataral mondna of tibia origin 
caps the ridga aaat of Timber Craak at the 10,500-ft 
contour. 

Other major tribtitariei of the Gore Crtek glaciers 

came from the Bighorn, Pitkin, and B(X)th i k 
drainages. Smaller tributaries from Spraddle Creek. 
Middle Creek, and poaaibly from Mill Creak esiatad dur- 
ing the early stade of the Bull Lake Middle Creek also 
contained a glacier in the late stade, but this failed by 
about a mile to join with tha Gora Glacier. Tha twa 
forks of Red Sand.stone Creek contained griaciors in 
both stades that formed large moraines southeast of 
Lost Lake. These glaciers extended only to the forka of 
the stream; thus, they failed by 4-6 mi (S^S-S km) to 
reach the Gore glaciers. 

nst\ luvut 

The Piney River drainage contained very large 
glaciers in both stades of the Bull Ijike The hulk of the 
ice eama from what is essentially n sin^'lc elongated 
rirr;i!e extending 5 mi ifjJt km) from the Booth Creek 
I drainage divide to the sharp bend in the Piney River, 
Smaller amounts came from a hanging valley or cirque 
on the south side of Mount Powell, just north of the 
quadrangle, drained by the stream that joins the Piney 
River at the big bend and from a cirque drained by East 
Meadow Creek. Massive lataral moraines that were 
formed in the two stades of the Bull Lake and in tha 
earliest stade of the Pinodalf border the Piney River 
valley from near the big bend south westward and west- 
ward for 6 mi <iO km). At thefa' upper anda, thaaa 



Digitized by Google 



68 



GBOUIBT, IdNTUSN 16-llINl]TE«)AinAmiJL BAOLB AND8l]MllirO0t)NTlBB.O0liaRAllO 



moraines are 1,200-1.500 ft (360-450 m) above the 
present etnam. Ice of the early atade of the Bull Lake 
■pilleel into the Best Meadow Creek drainage on a wide 

front, forming extensive moraines in that valley. Ice of 
the second stade spilled into the East Meadow Creek 
drainage on a much smeller scale, through a saddle 
northwest of Piney Lake The lower ends of the lateral 
moraines of the early stade, as well as any former ter- 
minal moraine, have been removed by erosion. The end 
of the eroded north lateral moraine is on the spur 
southeast of the mouth of Meadow Creek, 450 ft (135 
n) above the Piney River. The end of the eroded south 

lateral moraine plugs the valley of Dickson Creek at 
Dickson Ranch, 550 ft (165 m) above the river. In con- 
trast (o the early moraines, the north lateral moraine of 
the late stade descends to a remnant of a terminal 
moraine in the canyon bottom This indicates that the 
bedrock Hoor of this part of the canyon has remaincdat 
about the same level since Bull Lake time. 

PINEDALE GLACIATION 

With a few exceptions glaciers of the Pinedale Glacia- 
tion weri f ir 1. ss extensive than the Bull Lake glaciers. 
The glacialion occurred in three episodes, or stades. of 
ice advance and retreat. Of these, the first was by far 
the most extensive, and in a few drainages in the rep m 
it equaled and even exceeded the late Bull Lake 
glaciers. Glaciers of the second and third stades of the 
Pinedale were everywhere much smaller than those of 
the first stade, and in many of the smaller drainages, 
they were absent. 

Moraines of the Pinedale glaciers are hummocky, 
bouldery. and little modified. The till in them is sandy 
rather than clayey and, except as it mifjht be ci ilored by 
rocks, such as red beds, it is generally light gray in con- 
trast to the yellow, buff, or brown colors characteristic 

of the older tills in surfaci- ui near surface exposures 
Soils are only weakly developed on the Pinedale Till 
and, practically speaking, aro absent in many places. 

The largest ^'laciers in the Minturn ((uadrantjle dur 
ing the Pinedale were in the valleys of Cross Creek and 
the Piney River. No glacier existed in the part of the 
K ii.'li- V.ill. v tfiiit 13 within the quadrangle, and Gore 
Creek Valley did not have a trunk glacier. An early 
Pinedale glacier did occupy the canyon of upper Gore 
Creek east of the quadranple. hut it terminated in the 
area between the mouths of Black Gore and Bighorn 
Creeks. Early Pinedale glaeien of Bighorn, Pitkin, and 

Booth Crcrk^ re.irhed tho Gorr Vnllev find deposited 
sraall moramos on as floor. Middle Pinedale moraines 
are a short distance up the canyons, and late Pinedale 
moraines are in the midportions of the canyons ' 
On Cross Creek, unlike all other drainages in the i 



quadrangle, glaciers of all three stades of the FMnedale 
descended to the terminal moraine area near the 
mouth of tiie creek. On the north side of this morainal 

area, the early Pinedale glacier formed a morainal 
ridge almoet as high as the Bull Lake ridges. The ridge 
descends mora rapidly than the Bull Lake ridges, 
however, and turns into a broad, low. complexly ridged 
terminal moraine near U.S. Highway 24 and the Eagle 
River. The middle Pinedale glacier was split near its 

terminus hv the hill of rock in the center of the 
morainal area (pi. 1) and formed two morainal lobes 
within the terminal moraine horseshoe of tlie early 
Pinedale The wnifhern lobe rests on a low valley flat 
excavated out of part of the early Pinedale moraine. 
The late Pinedale glacier formed small morainal loops 
immediately south and west of the bedrock hill. 

In the Piney River valley, the early Pinedale glacier 
was as high on the valley wall as the Bull Lake glaciera 
near Pinoy and Ixist I^kc.s, From about this place, 
however, it descended to a prominent soulhwestward- 
sloping morainal bench 1.5 mi (2.5 km) west of Piney 
Lake and formed a small terminal moraine on the floor 
of the Piney River valley just above the mouth of 
Dickson Creek. The small terminal moraines of the 
middle and late stades of the Pinedale ara in the 
vicinity of Piney Lake. 

lANDSUDE 

The Minturn and Maroon Formations contain many 
incompetent shaly beds that make ideal surfaces for 
landsliding where the beds dip toward valleys. Addi" 
tionally, the weak and platy-weathering rocks of these 
formations readily form a heavy "slopewash" or col- 
luvium that creeps down the slopes and accumulates in 
slidelike piles in the basins or valine. All the m^jor 
valleys that cut the Mintura and Maroon Formations 
and many of the smaller ones have their slides splat- 
tered wnth landslides and coUuvial accumulations. The 
larger slides are mainly <rf the dip-slope slide type, but 
some follow ground broken by faults, and many are on 
slopes oversteepened by glacial eroston. Most of the con • 
spiewnis didas ara postglacial in age, and some ara very 

recent or modern. 

Incipient slides are evident in many places where 
opni tenshm fissiiraB as mudi as senraral feet wide and 

20 ft (6 m) deep occur on hillsides that slope in the 
general direction of the dip. Such fissures (pi. 1) are 
especially common in a belt that extends from the head 

of Game Creek to the slopes south of Mill Creek and 
were probably caused by glacial oversteepening of Gore 
Valley. Clear evidence of recent movement was seen at 

' the east end of a fissure that starts at the 1 0,600-fl con- 
I tour on the nose extending north from a knob on the 
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Game Creek -Gor(? CreeV Di i le 2.1 mi (3.38 km) N 78° 
E of the mouth of Game Creek. Turf extends across the 
eastern «nd of the tlowly widening flwure, but a few 
feet m tVi'» west a bare ron* 2 in i ?> cm) thick fmni a pine 
tree growing on the north wall extends through the ail 
luNriaontally into n crack in the aauth wall aboat 20 in. 
(50 cm) away. The pine was cut down in 1963 and the 
tree rings indicate an a^e of 68 years The two walls of 
the fiamiremiiflt have been next tu each other when the 
root first crossed into the south wall, as otherwise the 
rcx)t would have grown vertically downward, if it gr«w 
at all. Either the walls have moved apart so gradually 
that the growth of the root has kept it from breaking as 
the aeparation proceeded or else the roots were strong 
anooKh ^ withstand the pull of faster movement that 
took place after the tree was partly grown. The data 
ehowthat the walls have separated at a minimtim rate 

of about one-third inch (8 mm) per year, and it is proba- 
ble that the separation of the walls began many years 
after tlie pine seed first sprouted. 

Ebewhere, o on tlia alopaa south of Vail» many open 
fSaauras show oindsoos ef very rsosnt movement. The 
relation of the fissured area shown on the geologic map 
ipl. 1) to Vail indicates that the possibility of sudden 
mass movement of the ground on the northward-dip- 
ping bedding planeotn this area should be carefully ap- 
praised. 

The large landslide at Whiskey Creek and another 
opposite Dowds constrict the valley of the Eagle River 

for about a mile down.stream from rXwds These slides 
forced the Eagle River against the northeast wall of its 
earlier valley, causing steep and cliffy slopes to be 
formed th r- The construction of 1-70 across these 
slides in 1969-70 induced much heaving and slumping 
of tlw slide msftariid, indicating that the slides are still 

unstable. The Whiskey Creek slide overrides glacial 
outwash gravels that probably are as young as 
Pinedale; henoe, it is probably postglacial in age. 
Farther west, near Stone Creek, pypsum has slid or 
flowed over these same gravels, reducing the width of 
the valley bottom from its former extent. 

ALLUVIUM 

Morainal areas in the valleys have many pockets and 
channels filled wth alluvium or reworked glacial drift, 
and most of the stream courses are bordered by alluvial 
<feposit8. The landsh'de just above the mouth of Gore 
Creek and the terminal moraine at the mouth of Black 
Gore Creeic both have formed natural dams in the past 
that impounded lakes above them. Delta deposits of 
crossbedded sand have formed in tlu'se l.ikf-. and Vftu 
nants of such depoeits remain along the sides uf the 
valleys. These deposits are included with "alluvium" on 



the map (pi. 1 ) and so also are tarraoe graveb and 

fanglomeraies. 

STRUCTURE 

The Minturn quadrangle contains elements of three 
major structural units — the Gore Range uplift on the 
northeast, the Sawatch Range uplift on the southwest, 
and a broad, northwest-trending, generally synclinal 
area of sedimentary rocks between the two major 
uplifts. The Oore Range is a fault-block range bordered 
on its .southwestern side by the Gore fault — or fault 
zone — the largest and most complex fault in the quad- 
rangle. The Sawatch Range, in contrast, is an antidlnal 
uplift of great size — 90 mi (145 km) long and 40 mi (65 
km} wide (fig. 24). The Minturn quadrangle includes 
only the eastern flank of the northward-plun^g north 
end of the anticline In this area, the flank of the anti- 
cline is disrupted only by minor faults, but several miles 
south of the quadrangle the eastern flank is disrupted 
by major graben faults of the upper Arkansas Wnvf 
valley (Tweto and Case, 1972). 

Structural development of both the Gore Range and 
the sedimentary basin to the west was closely in- 
fluenced by a long history of movement on the Gore 
fault. This fault was active in Precambhan, Paleozoic, 
Laramide (Late Cretaceoos and early Tertiary), and 
late Tertiary times, and there is suggestive evidence of 
movement in Quaternary tune During the latter part 
of Paleozoic time, and perhaps intermittently earlier, 
the fault formed the western edge of a highland that ex- 

tended ea.stward Ix'Vood the crest of the present Front 
Range — the Front Range highland of the Ancestral 
Rockies. (See Lovering. 1929.) As a structural and 

topographic unit created out of a part of the old high- 
land, the Gure Range came into existence in Laramide 
time, but it was much modified and elevated as a fault 
block in late Tertiary time, accounting for its present 
relief (Tweio and others, 1970). 

The Gore fault was also the border of the basin in 
which the BeUlen. Minturn. and Nfanmn Kormations ac 
cumulated Thus, it is not only a fault but also a zone of 
abrupt uiK (uiformity and wedgeoul of sedimentary rock 
units Folding or upturning of the sedimentary rocks 
along the fault may have begun in Pennsylvanian time. 
Folding that produced the present broadly synclinal 
structure of the sedimentary basin resulted from uplift 
of the Gore and Sawatch Ruiges in Laramide time, but 

a niinur part of it may have occurred in the late Terti- 
ary, inasmuch as the volcanic rocks north uf the quad- 
rangle are synclinaliy folded. 

In the Sawatch Hant;*' .uim, no evidence has been 
found anywhere of uplift prior to furmaliun uf the 
Sawatch anticline in Laramide time. This anticline was 
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wedgeout of thou-sands of feet of ^dinientary rucks 
•Icvated early in the l^ramide orogeny, before the Gore 
Range (Tweto. 1975). Rise of the anticline tilted the 
sedimentary rocks northva^lward through much of the 
Mintum quadrangle, forming the Hank of the central 
qmcline. This uniform tilt, or homuclinal dip. still 
characterizes a large area east of the Eagle River and 
south of Gore Creek. North of Gore Creek and, 
eqwdally, from near the mouth of Gore Creek west- 
ward, a man complicated structural pattern now exists. 
Near the western txjrder of the quadrangle, at least, 
this pattern is related to diapiric movement of gypsum 
as a residt of ekcavatkm of the valley of the Eagle River. 
Fold-s and faults in this area probably have been 
developing almost continuously from the Ltramide to 
the present 

GOKE FAULT 

The Gore fault delimits the western edge of the Pre 
cambnan terrane of the Gore Range for a distance of at 
least 45 mi (72 km), flmn the Mbequito fault in the Ten 
mile Range, several miles southeast of the Minturn 
quadrangle, to the Colorado River, 15 mi <24 km) north 
of the quadrant (fig 24 1 Thraugh most of its course 
in the Minturn quadrangle the fault brings rocks of the 
Minturn Formatiun against Prucambrian rocks, but in 
the north part of the quadrangle the Maroon Formation 
lies against the fault, and farther north various 
Meaocoic formations are against the fault. 

In most places the Gore fault is not a single fracture 
but a wide and complex fault zone. Most of the fractures 
in this zone are in the Pfecambrian rocks, on the north- 
east or upthrown .side of the fault surface that sepa- 
rates the Precambrian and the sedimentary roclts. 
thou^ strands of the fault are present also in the sedi- 
mentary rocks in places. Many of the fractures in the 
fault zone are of Precambrian age. as will be discussed 
further: others are younger, but it is diflicult to 
establish the time of origin of most fractures Main 
periods of later movement along the fault zone, 
whether on reactivated or newly formed faults, oc- 
curred in the late Pbleosoic, the Laramide, and the late 
Tertiary. 

Precambrian origin of many of the fractures In the 
Gore fault zone is indicated by several lines of evidence 
(Tweto and Sims. 1963; Tweto and others. 1970»: (M the 
occurrence of Precambrian intrusive rocks such as peg 
matite, aplite. and mafic diorite as dikes along the 
faults in places, or intruded into mylonitic rocks; <2) the 
presence of mylonitic rocks of Precambrian aspect 
beneath undeformed Pennsylvanian rocks and the oc- 
currence of cobbles of the mylonite in the Pennsylva- 
nian conglomerates; ISI the presence of intensely 



sheared rocks beneath much less deformed Devo- 
nian(?) quartzite; and (4) the occurrence of little 

deformed dike rock dated i.sotopieallv at 1 b y, on a fault 
of the Gore system at the Colorado Kiver (Barclay, 
1968K 

Evidence of pre-Pennsylvanian Paleozoic movement 
along the Gore fault is shown by straligraphic and fault 
relations. Of the pre-Pennsylvanian formations (table 
1), the Harding Sandstone, the Dyer Dolomite, the Gil- 
man Sandstone, and the Leadville Limestone are ab- 
sent from upthrown fault blocks along the Gore fault. 
Along with the Manitou Dolomite of the area southeast 
of the quadrangle, they are concluded to have been ero- 
sionaily truncated both in pre-Late Devonian and in 
pre-Pennsylvanian times and to wedge out beneath the 
Mintum Formation in a zone near and parallel to the 
Gore fault (Covering and Johnson, 1933; Tweto and 
others, 1970). The Sawatch QuarUite, Peerless Forma- 
tion, and Parting Formation reach Uie Gore fault ffiig. 
25t. but the Sawatch is thinned to only \0f) ft '.TO 5 m) 
beneath the Peerless, suggesting a possible "high" in 
the area of the Gore Range even in Cambrian time. Hie 

Peerless is only 20 ft ffi ml thick and tapers to a vanish- 
ing edge beneath the Parting Formation, indicating, 
ahmg with absence of Ordovician rocks, extensive ero- 
sion before Late Devonian time. The Parting is excep- 
tionally coarse gratned and conglomeratic wherever ex- 
posed along the Gore fault, suggesting a land area in 
the vicinity of the Gore Range in Liito Devonian time 

Fault relations suggest not only a land area but also 
active movement along tiie Gore fault zone in Pateosoic 

time In the western of two fault blocks on the south 
slope of Bald Mountain (pi. 1; fig. 25), the Parting For- 
mation lies on Precambrian rocka and is overlain by 
coar<?e Pennsylvanian conglomerate with an angular 
discordance of 17". In the eastern fault block, one-half 
mile (0.6 km) away and 500 ft (150 m) lower, the Part* 
ing is underlain by the Peerless and Sawatch and over* 
lain without angular discordance by strata of the Min- 
tum Formation. The relations suggest that a north- 
trending fault— part of the Gore fault qrstem— -between 
the two blocks was active prior to deposition of the Part- 
ing and. again, prior to deposition of the Minturn 
Similarly, in the valley of Black Gore Creek one-half 
mile (0.8 km) firom Gore Creek, white quartzite and 
quartz granule conglomerate thought to be Parting but 
possibly Sawatch is turned up almost vertically, 
whereas rocka of the Minturn FormatUin 100 ft (30 m) 
away dip gently, suggesting a marked angular uncon- 
formity. 

M^jor movement occurred on the Gore fault in Penn- 
sylvanian and Permian time, as indicated by the 
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against Precambrian rocks in and along the Gore fault 
rone (pi 1, aeca. A-A', B-B', E-E'). The occurrence of 
the Robinson Limestone Member of the Minturn For- 
mation only 50-100 ft (15 -30 m> above Precambrian 
rocks— or above thin patches of the Parting Formation 
lying on Precambrian rocks — on the mountain 
southeast of the junction of Gore and Black Gore 
Creeks has been noted in the discussion of the Minturn 
Formation. The best example of the abrupt wedgeout of 
the sedimentary rocks against the fault -scarp front of 
the old highland is in the Mount Powell quadrangle 3- 4 
mi (5-6.5 km) north of the Minturn quadrangle, where 
sedimentary rocks are preserved east of the fault. 
There, the entire Minturn and all but the uppermost 
100 - 300 ft (30 -90 m> of the Maroon wedge out in a 
zone no more than 3-4 mi (5-6.5 kmt wide along the 
Gore fault (Tweto and others. 1970t. In this area, the 
fault may even have been active in Jurassic time, as 
suggested by a marked difference in thickness of the 
Morrison Formation on the two sides, but no evidence of 
a scarp in Late Triassic time is seen in the Chinle For- 
mation. 

Most of the mo%'ement that placed sedimentary rocks 
in fault contact with Precambrian rocks and that 



caused folding and overturning of the type shown in 
Tigures 25 and 26 is inferred to be of Laramide origin. 
However, it is difficult to separate with certainty the 
effects of Laramide fault movement from those of later 
Tertiary movements. Laramide deformation is proved 
more by regional geologic relations than by local ones, 
inasmuch as no sedimentary rocks younger than the 
Dakota are preserved within the quadrangle. On the 
northeastern side of the Gore Range, conglomerates of 
late Miocene(?) age show by their abundant content of 
Precambrian rocks that the range had been uplifted 
and had been stripped of its cover of Morrison and 
younger sedimentary rocks by that time, which was 
prior to the marked uplift in late Tertiary time (Tweto 
and others. 1970>. The uplift that led to stripping of the 
sedimentary cover was almost certainly the Laramide 
in this range just as in most other major ranges in Col- 
orado. 

Ejctensive late Tertiary uplift and fault movement in 
the Gore Range has been documented by Tweto, 
Bryant, and Williams (19701. Some of this movement 
may have occurred along the strand of the Gore fault 
that separates the sedimentary and the Precambrian 
rocks, but moat of it occurred along faults of the Gore 
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fauh vfM wKhin th« Prceambrian rocks. In th« upper 

Piney River area, the late movement occurred on the 
series of long parallel faults of north-northwest trend 
(pi. 1). These are reactivated Precambrian faults. In the 
Gore Creek area, the late movement occurred on the 
fault strand that lies a short distance east of the sedi- 
mentery roeka. This itrand is Ihougkt to be of 

Laramide ori^n. 

From the nurih boundary ol the quadrangle to Bald 
Mountain, the main strand of the Gore fault — separa- 
ting the sedimentary and crystalline rocks — irend.s 
south -southeastward in a fairly slrai^hi line. At Bald 
Mountain, thia fault intersects a west-northwest -trend- 
iDg fault zone in a compleily faulted area. The weat- 
northweat-tren^i; zone ia a reactivated Precambrian 
fault zone that extends all the way across the range (pi. 
1; Tweto and others, 1970) and ia one of a famity of per- 
sistent faults of this trend in the Gore Range. The line 
of displacement and upturning; of sedimentary rocks 
turns eastward along the west-northweat-trending zone 
for about 2 mi (3 km) to beyond Booth Creek, and then 
it turns south southeastward again. In the area of this 
bend, the fault ia intersected by the faults with late dis- 
plaoement extmiding fhnn the iq»per Piney River area. 

Southeast nf the bend, an older unit of the Hnre fault 
extends to a broad east trending i'autt zone along Gore 
Creek, and the line of diaplacement jogs eastward along 
thi" "i"f .\ yoTinjrer strand of the fault — probably 
Laramuie and Tertiary — cuts diagunally across the 
salient outlined by the two older faults in almost a 
Straight line from Pitkin Creek to Gore Creek and 
l)eyond (pi. ll. In the area of the salient, near the 
mouths of Black Gore and Big Horn Creeks, other 
Strands of the fault cut the sedimentary rocka. These 
are poorly delineated because of widespread cover of 
glacial deposits and uncertainties in distinguishing the 
effects of faulting as opposed to unconformity in an 
area with only scattered small outcrope. 

A branch of the Gori- fault extends south-southeast 
ward up Black Gore Creek and then southward along 
Timber Creek, ultimately connecting with faults of the 
Pandn area 'Tweto. ^9^>:^) Also old .-trand> of the fault 
in Precambrian rocks near the mouth of Black Gore 
Creek project beneath strata of the Mintum Ftonnation 

on the slopes east of the creek. FVom Gore Creek, the 
main young strand of the Gore fault extends into the 
adjoining Dillon quadrangle, where it intersects sedi- 
mentary rocks once again and form?' a boundary het 
ween these and the Precambrsan rocks (Tweto and 
Others. 1970). 

Most of the faults in the Gore fault xone are vertical or 
are steep normal fatdts (pi. 1, sees. A" A', E-E*). and 

the zone as a whole is interpreted to be essentially ver- 
tical. However, reverse and even low-angle thrust faults 



are pre se nt locaUy. They probably formed in response 

to local stress conditions t)r in re.<fpf)nse to expansion of 
the Precambrian massif as it rose. Near Booth Creek, 
the fault strand between the Precambrian and the sedi- 
mentary rocks is a steep reycr^o fnult that dips 80"— 85° 
N. Aa shown in figure 25, sectk>n A~A ', this fault ia in- 
ferred to ataepen to vertical at d^ith ; the northward dip 
near the surface is interpreted to reflect expansion of 
the upthrown block of Precambrian rocks. Near Middle 
Creek, low-angle reverse and thrust faults are present 
in a small area at the edge of the C5ore fault zone i pl. 1. 
map and set. A~A'). The reverse and thrust faults are 
in the tip of a wedge between southeast- and south - 
trending faults in the area where the main Gore fault 
begins to turn eastward. The south -trending fault has a 
displacement of several hundred feet in the Gore fault 
sone (pi. 1. sec. A- A') but only a minor d i splac e ment 
farther aooth. Exposures are too poor in the small area 

of thrust faultmp to rev eal details of the comple.x struc- 
ture there, but it is likely that the thrust fault is m a 
thin faidt Hock underlain bjr an npward-iteepening 
reverse fault as shown on plate 1 (map and sec. A-A '). 

(.ORE R.\Nt;E 

The Gore liange has two major cate^'ories of struc- 
tural features — the internal structure of early ori>iin in 
the Precambrian rocks and later faults The I're- 
cantbriui) gneisses were highly deformed plastically 
and then were simdered by granite intrusion, forming a 
gigantic breccia of gneiss blocks in a matrix of granite 
(pi. D.Thus. the gneisses are structurally disorganized, 
and no attempt was made to study them in detail. In 
general, a broken irregular tongue of gneiaaes extends 
south •eoutheast along the crest of the (Sore Range to 
the head of Bighorn ("reek. The Cross Creek Granite 
which surrounds and intrudes this maas of gneisses has 
a structure that is nearly concordant with the broad 
outline of the .u'ea of tjneis'sic rocks. To the west and 
east the foliation or planar structure of the granite 
atrikes north -northwest; south of the area of 

niet.iniorphic rocks, the structure of the granite strikes 
northeast or easterly. The north -northwest foliation 
trond along the western side of the range ia paralleled 
hy fractures of the Gore fault ?one and probably in- 
tluenced the trend of parts of the Gore fault. 

The many faults in the Precambrian rocks of the 
ranpe are of two main orientations, north-northwest 
and nearly east -west. Faults of the set trending north- 
northwest are Um^ and straight, and most of them dip 
almost vertically. The set that trends nearly east -west 
includes a few widely spaced persistent fatalts that ex- 
tend across the entire range (Tweto and others, 1970) 
and many ahorter faulta that aubdivide the long blocks 
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ooUined by the north-northwest-trending faults. Faults 
ofbotk MC» «ra tgrpicilly IhMtore nmat wveral f«et to ■ 

few hundred feet wide, though a few narrow locally to a 
single fault plane. Many of the fracture zones are 
altered, and in general, the aoBM are marked ly gullies 
and saddle.s on thf slope!! and ridges of otherwise hard 
rock. The den.sity of the fault patl«rn m the Pre- 
Cambrian rcx ks contrasts markedly with the pattern of 
sparse faults in the bordering sedimentary terrane 
(pi. 1). This suggests that most of the faults in the 
range are Precambrian in age. as do other features 
notod in the discvMim of the Gore fault. Many of the 
faultt. however, were reactivated in late Paleozoic. 
I.aramide, and lat« Tertiary time. One of the north- 
northwest-trending faults of the upper Piney River 
area, nearly 2 mi (3.2 km) east of the main Oon fault 
ipl Ik i i.nt.fiti- m one area narrow slices of down- 
dragged red beds of the Mintum or Maroon Fonnatkm, 
indicating probaUa Laramida diaplaeament of 
hnndredi of feet. 

SAWATCH RANGE 

The part of thr Snwatrh Range included in the- Min 
turn quadrangle consists of a core of Precambrian 
rocks covered hf a thin mantle of aadbnentary rocks 
that dip northeastward off the range, nearlv in Hip 
.slopes (pi. 1, sec. fl-fl'). As in the Gore Range, the 
Frecambnan tocka have an early fold structure and a 
later fracture structure, and the main elements of the 
fracture strtictiu'e predate the Paleozoic rocks. 

A m^r Precambrian structural feature, the Home- 
■take ehaar ion«. ha* justaouth of the q;uadraiigle (fig. 
24). Tliii maeter lone, which trenda northeaat and oon - 
sists of several individual shear zones in a belt 7 8 mi 
(11-13 km) wide, separates a metamorphic terrane to 
the Bontheaet from the granitic terrane of Croea Creek 

Granite to the nii;rhA,.t T.'.rf. ;ir,d Sims. 1963; 
Tweto, 1974). Fringe shear zones or faults of the Home- 
stake aona pvoleet into the Mintum (piadranfle in the 
vicinity of Notch Mountain. Frsll ^nd Peterson Creeks. 
They are exposed only locally, however, because of a 
widespread cover of PaleoBole rocks and gladal and ool* 
luvial deposits. The strongest of these fracture zones 
extends northeastward for about a mile along the slope 
northwaat of Notch Mountain Creek and then disap- 
pears beneath the Sawatch Quartzite (pi. 1). It is prob- 
ably represented in the canyon of the E^gle River by 
some of the northeast-trending faults and veins in the 
Precambrian rocks near Gilman, Hie Ben Butler mine 
(fig. 8). for example, is on small veins in or near a wide 
shear zone that resembles the Precambrian shear 
zones, and both the veins and the shear zone end 
abruptly upward against tha smooth and unbroken 
basal bed of tha Sawatdi Quartiita. Similarly, the San- 



ta Crux vein (fig. 8) is a wide and strong fracture zone 
in the Precambrian roeks but barely afhcta the overly- 

inp Sawatch Quartrite These fracture zones and mines 
are described in the report on the Gilman district 
(Lsvarlng and othan, 1977). 

Amonp faults of I^ramide or younger age in this part 
of the Sawatch Range, the largeiil are m the area north 
of the latitude of Minturn. at the north end of the Pre- 
Cambrian core of the range. A prominent fault of east- 
northeasl trend, downthrown to the north, extends 
from the Eagle River at the mouth of West Grouse 
Creek, to a fault along Stone Creek; west of Stone 
Creek, an en echelon fault of the same trend and dis- 
placement extends west -south west ward out of the 
<iuadrangle at least 2 mi (3 kml. The two achekm faults 
are north -dipping normal faults and have displace- 
mcnt.-i of 200 :iOO ft i60 90 m >. No sign of the eastern 
fault could be found east of the Eagle River at Game 
Creek: the fault is inferred to end against a fault along 

the river. Evidence of a northwest trending; fault, 
upthrown to the northeast, along the river is seen in the 
repetition of the Gilman Sandstone on the two sides of 

the rtv<>r !t Mir' .irn and in the position of thodokHnita 
bed of Duwds near Duwds (pi. 1. sec. B~B'). 
The fault along Stone Creek, very near the w es t e r n 

border of thi' quadr.uitilc. (rend.s north northeast and is 
upthrown about 2bi) ft (76 m) on its southeastern side, 
lu course akmg lower Stone Creek is uncertain because 
of slumping of shale and irypsifermia strata in the 
Belden and Minturn Formations. 

In the area of the lower Stone Creek and Whiskey 
rri'<'k strikes and dips of thr- strata chan^je erratically 
m short distances. A thrust fault that brings grits of the 
lower part of the Mintum Formation over gypsiferous 
strata ruts thrnvigh this area ipi. T V This fault prnhably 
is not a lundanienlal tectonic element of the .Sawatch 
Range but is primarily a product of deformation and 
mass slumping at the edge of the gypsum basin. A fault 
along W'hi.skey Creek may be of the same origin. This 
fault is expo.sed only in a zone of vertical strata on the 
bank of the Eagle River. It projects southward beneath 
the landslide along Whiskey Creek but is not evident in 
the bedrock at the head of the slide. Neither is it seen to 
the north, across the Eagle River. There, it is inferred to 
end against east-west faults in a small area of land- 
slide. 

CENTRAL SEDIMENTARY BELT 

The broad belt of sedimentary rocks between the 
Cinrt' and Sawatch Ranges is predominantly s\nclinal 
in structure. Three northwest- to north -trending syn- 
clines. which are arranged echelon in a northwest- 
trending line, dominate the area structurally, though 
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Other folds are present. The i>uutheaHU.Tn syncline, 
called the Black Gore syncline (pi. 1), closely parallels 
the Gore fault in the area from uppsr Mill Creek to 
Turkey Creek. The middle syncline, called the Vail syn- 
cline, extends from the Spraddle Creek area southward 
to the Two Elk Creek drainage. The northweatern and 
largest syncline, called the Red and White syncline, ex- 
tends from lower Buffe r Crock rn)rth west to and beyond 
Red and White Mountain. Aa shown in the croes sec- 
tioM (pi. 1), these synclines are more pronounced at 

depth than at the .surface becau.-^e of the thinning of all 
the Paleozok formations— and particularly the Min- 
turn Formatiioii— toward the Gore Range. 

The Black Gore sv-ncline (pi. l.sec. E-E') is markedly 
aajmunetric, with a wide, gently dipping aouthweatem 
limb and a narrow and steeper northeastern limb. 

Though interrupted hv minnr flexures, the south 
western limb is essentially homoclmal and is a part ot 
the flank of the Sawatch anticline. The northeastern 
limh is a Gore Range structure and in part is due to 
drag along the Gore fault. As expressed in the rucka «x- 
poeed at the surface — high in the Mintum Formation — 
the axi.s ijf the >\ncline is sinuous parallel to the Gore 
fault and hes iesa than a mile fruiii tlie fault. As seen in 
cross section, however, the main synclinal axis is a mile 
farther southwest, owing to the thickening of the Min- 
turn Formation in that direction. The Black Gore syn- 
cline dies out Ml the ridge between Mill and Gore 
Creeks, and it is overlapped on the west by the Vail syn- 
cline. 

The Vail syncline ipl. 1 i in a hciwed. north -trending,' 
doubly plunging syncline that is prominently exposed 
on the sides of the valley of Gore Creek at Vail. The sy n - 

cliiir is l(ii;t;it u(Iin;ilU faulti'c!, and notlfi nfriiire ('reek 

the east limb is turned up steepl>' against the fault (pi. 
1). The northern part of the syndine, north of Gan 

Creek, is bounded on ihe west by a small anticUne cen- 
tered over Middle Creek. South of Gore Creek, the west 
limb is the homoclinal flank of the Sawatch anticline. 

The fault 7f)ne th.it extends the lcnf;th nf the V.iil 
syncline and beyond is called the Spraddle Creek fault 
zone. This fault zone extends south -south we!<tward 
from the Gure fault /one in tln-nald Mmintain-Spr.id- 
die Creek area nearly to Gihnan. In the Bald Mountdin 
area it is part of a complex of fault blocks where the 
Gore fault turns ea.stward. In this area it shows wide 
differences in amount of displacement, from as little as 
1(K) ft (30 m) to more thm 900 ft (275 m), reflecting 
both the differential movement of fault blocks and 
probable pre-Pennsylvanian and Penneylvanian move- 
ments. From the head of Spraddle Creek, the fault ex- 
tends southwestward into the eastern flank of the Vail 
syncline, separating steeply dipping beds of the syn- 



chnal flank from gently dipping beda to the ea.st. At 
Gore Creek the fault bends southward, slicing,' across 
the eastern flank of the Vail syncline to Two Elk Creek. 
Farther south, a series of short en echelon faults in the 
Mint urn Formation suggests that the zone of deforma- 
tion in the basement rocks persists to the vicinity of 
Gilman and might even project to firactures of the 
H(jmestake .-^hear zone. Through most of its length, the 
Spraddle Creek fault is downthrown to the east, and 
from Gore Creek southward the displacements are leas 

than ion ft 1 30 mt. 

The Red and White syncline is a large and nearly 
symmetric syncline that occupies most of the area be* 
tween the mouth of Gore Creek and the Piney River (pi. 
1. sec. J3- fi'). In much of this area, rocks of the Maroon 
Formation— and also of the Qiinle and yoonger 

fnrma*i-)n.s in a small area on Red and VVliite 
Mountain — are disturlsed by many gentle flexures; 
thus, the syndine is scarcely evident from the attitudea 
of the strata as observed on the surface. The 
southeastern nose of the syncline is blunt and is an 
abrupt north west -dipping monocline (pi. 1, sec. C-O 
that extends alon^; the north side of Gore Creek from 
the Eagle River to Red Sandstone Creek where it 
flattens somewhat and turns northward and then 
northwestward. On the spur north of Dowds. east-west 
faults with as much as 1,000 ft (305 m) of displacement 
increase the structural displacement along the 
monocline, inasmuch as they are downthrown to the 
north. In effect, the curving monocline or synclinal nose 

separates a southern area that is structurally a part of 
the flank of the Sawatch Range from a northern area 
that is part of a large stmctwal basin in the area 
bordered by the Sawatch Range, WTiite River Plateau, 
and northern Gore Range (flgs. 1, 24). 

In the vicinity of Diekaon Creek, a small bat sharp 
north trending anticline — the Diokson anticline— is 
superposed on the lower northeastern flank of the Red 
and White syncline (pi. 1, see. A-^'). The Dickson 
anticline enlarges northward and is a major structural 
feature along the Piney River near the quadrangle 
boundary (pi. I, aec. t>~D'). The anticline is Cut acutely 
by two northweFt trending faults that have opposite 
displacements. The faults define a long narrow horst 
that is upthrown about 200 ft (60 m) on the 
northeastern side and nearly 1.000 ft (305 m) on the 
southwestern side (pi. l.sec. D- D'). 

The area between the Dickson anticline and the Gore 
fault is occupied by the East Meadow antidine, which 
trends east, almost at right angles to the INckaon 
anticline (pi. 1, map and sec. B-B'). At the intersection 
of the two anticlines, on the slope southwest of the 
month vi Meadow Creek, the ti^t nose of the Beat 
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DickAon anticline (pi. 1> Murh of the East Meadow 
anticline is conc e aled by glacial deposit*, and it« 
•tnictare nesur the (kre fiiaH oiMild not be obaerved. 

BEDDING FAULTS IN GOMAN AREA 

Hie mine workings at Oilman end the clifTs in the 
canyon nearby expose many low-angle, or bedding- 
plane faults, and closely related small steep faults in 
the pre Pennqrlvaninn rocks. Such faults probably are 
widespread in the qundran^. but In the abaenee of 

near-perfect exposures they fjenerally are not seen. The 
bedding faults record many different directions of 
niov«ineiit and are jnterpretad •» a complex system of 
adjustments to the reponal flexural folding expressed 
by the Sawatch anticline and the synclinal region to the 

The bedding faults occur persistently at certain 
itratisrmphic horisons and also are scattered widely 
through the dotoaiitee of the Dyer and Lsadville. 

Stratiffrapbically. the lowest of the persistent fault 
zones IS the Rocky Point £une near the top of the 
Sawatch Quartztte. The Rocky Point is a brecciated 
zone 2-in f> i0.6-3 m) thick, it i.s subparallel to the 
bedding and is an important ore horizon in the 
qoairtxitc. Slip surfaces within the jwne indicate that 
the upper beds first moved northerly with respect to the 
lower ones and then, after or during fracturing that 
produced northeast>treiMling jointa, they moved north - 
•ast down the dip. 

One of the most persistent of the bedding faults 
follows the shaly layers in the upper part of the Hard- 
ing Sandstone. It is exposed in a few places in mine 
workingt and can be eeen in a roadcut about 1 .5 mi (2.4 
km) southeast of Oilman. In the EaRlc mine ifig 8), the 
£aalt is marked by wet, gougy, "heavy" ground. Drag 
feldi indicate that the upper block moved west; the 
amount of displacement wa<; not ascertained but may 
amount to several hundred feet. 

Persistent bedding fault nmes also occur et the con- 
tact of the Parting Fbrmation and Dyer Dolomite and in 
the Dyer at a horizon about 25 ft (7.6 m) above the con- 
tact. Both zones are altered and are mineralized in 
places, especially in the vicinity of Home ore bodies. The 
faulted zone at the top of the Parting is a zone ut thrust- 
fault morement; strata above the zoned moved south' 
west almost straight updip, suggesting response to 
regional folding. Two periods of movement are shown in 
the fault zone in the Dyer, an early strike-slip move- 
ment that carried the upper beds northwest and a later 
normal-fault movement that displaced these beds due 
eatt. The uppermost persistent sone of bedding-phme 



movaoMiit oliaervad near Oftnaa la at the base of tiae 

Belden Formation T>ip fault zone is about 8 (2.4 m) 
thick where it is exposed beneath the porphyry sill in 
roadcuts just north of Rock Creek; drag folds and minor 
faults within the sooe indicata a Ipw^angle normal 

fault. 

The bedding faults scattered throng the Leadville 
Dolomite and Oyer Dolomite show movements of both 
the normal and reverse types. The amount and direc- 
tion of movement on such faults is difficult to ascertain, 
but drag folds, grooves, striations, and gouge seams 
that displace conjugate systems of cross veinlets and 
that truncate folds and other structural features .show 
the nature and the general magnitude of the move- 
ments. Bedding-plane thnot faults are appatentiy oon- 

Hned to relatively few surfaces; on these, the upper 
beds moved west and southwest updip relative to the 
mulerlykig roeks. In contrast, normal-fault or downdip 
movement of upper beds on bedding plane .slips was 
widespread. In scmie places steep calcite veinlets are 
diapiKod akag planes an inch or so apart through 
many feet of section, and although the displacement 
along individual slips is rarely more than a few inches, 
the aggregate movement amounts to several feet ht a 
bed 10 ft 1.3 mt thick. Not all the normal-fault move- 
ment was of this pervasive type, however, and much of 
it was concentrated in shaly beds. 

In some places bedding-plane or low-angle faults turn 
abruptly into vertical faults whose walls moved past 
each other along a line parallel u> ihv low-angle slip. A 
fault block isring between two vertical walls, and roofed 
and floored by bedding-plane slips or low-angle faults, 
acts as a separate tectonic tongue whose movement 
may not be roflected in the enckMung rocks. We rofer to 
the steep faults bordering such blocks ss tongue faults 
in the re|X)rt on the Oilman district 'lyovoring and 
others, 1977). In the district, the permeable zones cre- 
ated by bedding-plane sUps and tongue faults wsra im- 
portant factors in the ciredatka of ground waters and 
ore solutions. 

ECONOMIC GEOLOGY 

The principal mineral deposits known in the hfintum 
quadrangle are in the Oilman district; they are 
described in a companion report (Lovering and others, 
1977). The GUman district, which ranks fifth in total 
output among the metal mining districts in G)lorado, is 
a major source of zinc and has also produced large 
amounts of silver, copper, lead, and gold 1 he total value 
of the production through 1972 was about $328 million. 
The main ora bodies of the district are replacement 
deposits in the pro-Penn^ylvanian formations, prin- 
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eipally the LeadKnlfo IMoniito. Rocks of the Belden and 

Minturn Formations above the mineralized formations 
show little evidence of mineralization or of the rich ore 
bodies that lie b«&Mth them. Had the Ei«le Mwr not 

cut a canyon throuffh the mineralized area, it is 
doubtful that the ore deposits of the Gilman district 
would ytt be known. 

If era deponta are concealed beneath the wide ex- 
paniea of Pennsylvanian rocks elsewhere in the quad- 
rangle, evidence of them-^ judge by the Gilman dis- 
trict — may be scant and subtle. Accordingly, even 
minor in(lication« of mineralization or hydrothermal 
alteration in the Pennsylvanian rocks may be signifi- 
cant 88 evidence of "leaks" from potentially larger 
mineralized bodies in the underlying Leadville and 
older carbonate rocks. We discuss below the few 
localities showing evidence of mineralization or altera- 
tion noted in our mapping in the sedimentary terrane, 
particularly in the Mhiturn Formathni. Mora detailed 
mapping and geochemical Studies would alnuwt ear* 
tainly reveal others. 

Most of die visible evidence of mineralization in the 
Minturn Formation is found in the carbonate beds, 
generally near faults. In such occurrences, the carbo- 
nate rocks are irregularly recrystellized to a coarse- 
grained VUggy light brown to pearly gray dolomite. 
Brown siderite occurs in some of the vugs and in scat- 
tered veinlets euttini; some of the hydrothermal 
dolomite. Wliite barite is present locally, either as vug 
crystals or as small veinlets. Sulfide minerab occur 
sporadically, either as crystals in vugs or as small 
lumps and veinlets. Chalcopyrite i.s the most common 
sulfide mmeral in these occurrences, though pyrite, 
sphalerite, or galena may predominate locally. Quartz 
crystals are abundant in the vugs in some localities. 
Fluorite is present in vugs in a few places, occurring as 
small colorless to pale groon cubic crystals. Silver is 
present in an unidentified form in some of the altered 
carbonate rocks, as indicated by assays of 1-3 ounces 
of silver per ton from a few samples tiiat contained no 
visible sulfide minerals. 

Small bodies of carbonate rocks showing these 
chaFaeteristies occur on the top of Battle Mountain, 

along faults near the head of Rock Creek, in dolomite 
reefs on Willow Creek, in two thin dolomite beds at the 
mouth of Wearyman Creek, along faults at the head of 
Wearyman Creek, along the Spraddle Creek fault north 
of Gore Creek and suulh of Mill Creek, and along the 
long east-west fault (pi. 1) east of Gilman. Where this 
fault crosses Turkey Creek, veins of chalcopyrite an 
inch (2.5 cm) or more in width cut hmestoneju»l north 
of the fault in the valley bottom on the northwest side of 
the creek; on the southeast side of the creek, boulders 
of lim^sstoae in hmdsllda debris are partly dok>mitized. 



show zebra>rock structure, and contain dissewlnated 

siderite and chaloopyrita. 

A small fluorite vein was noted on one of the en 
echebn faults at the southern end of the Spraddle 
Creek fault, on a shoulder south of Two Elk Creek, 3 mi 
(4.8 km) north-northeast of Gilman (pi. 1). The vein 
contains as much as 6 in. (15 «m) of pale-green fluorita 
throu^ an exposed length of about 30 ft (9 m). 

Uranium occurs in small amounts in red clastic rocks 
of the upper part of the Minturn Formation along the 
Black Ckwe Ontlk at the quadrangle boundary (Gross- 
man, 1955). Exploratory drding was done in the area in 
the 1950's, but little or no uraaium production resulted. 
The drilling confirmed the unconformity beneath the 
upper part of the Minturn Formation in this area, as 
some of the drill holes passed into Precambrian rocks at 
shallow dapth. Larger but low-grade deposits of 
uranium occtur in the Gartra Sandstone Member of the 
Chinle Formatiaii wectof the quadrangle, near Red and 
White Mountain (Butlar and othon. 1962). 

The Gore fault and many other faults in the Pre- 
cambrian rocks of the Gore Range are accompanied in 
many ptaese by hydrothermally altered sones, and, in a 

few places, by quartz or carbonate veins that locally 
contain traces of sulfide minerals. Many of the faults or 
veins are geoehcmieally anomalous in one or more of 
several metals: cnpper, lead, zinc, gold, silver, molyb- 
denum, bismuth, arsenic, antimony, cadmium, mer- 
cury, and tin (Tweto and others, 1970). Despite these 
anomalies, evidence of mineralization on a scale large 
enough lo induce prospecting is scant. Quartz veins 
near the head of Deluge Creek, a northern tributary of 
Gore Creek a mile (1.6 km) east of the quadrangle 
boundary, locally contain the copper mineral bomit* 
and are reported to have yielded a small amount of 
selected copper ore that was hauled out by pack burro. 
Similar but smaller copper-bearing quartz veins are 
exposed in cliffs beside Bighorn Creek between the 
10,600- and 10.700-ft contours, but a prospect tunnel 
driven beneath the exposures enoountersd aafy tight 
unmineralized fractures Narrow quartz-carbonate 
veins exposed in short prospect tunnels and trenches 
east of Pitkin Lake (lake at head of west fork of Pitkin 
Creek ' contain silver hearing copper and lead minerals 
in vuggy masses a few inches in diameter. At various 
places, but especially to the north of the Piney River, a 
few of the fracture surfaces in the Gore fault zone are 
coaled with films of malachite or azurite a few square 
inches in area. Aboutamlle (1.6km) north of the quad- 
rangle, malachite occurs as films on bedding planes and 
disseminated in sandstune of the lower part of the Mor- 
rison Formation upturned against the Gore fault. 
Though some of the sandstone contains as much as 1.2 
percent copper and a little silver CFwato and othars. 
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1970, p. 91) the mineralized part is t«M than 100 ft> (9 
m*) in area and is not of itself of commercial signifi- 
cance. 

Tha giodiamical anomaliM and moat of the vein 
nwtarUil (bind aloiig the fioHa in the Gore Range ware 

concluded by Tweto. Bryant, and WilliamB (1970) to be 
products of metal -bearing solutions that passed 
thnnigh the fracture ayatem In the Precanbrian rocka 

enroute either t-i hut springs at the surface or to 
mineral deposits in sedimentary rocks now eroded 
tmmy. b part, at laaat, thaaa aohitkma were introduced 
into the fracture system after the late Tertiary uplift of 
tbe Gore Range; thus, they reflect a mineralization 
epoch jrouBgar than thoae of m^ior mining dlitrieta 
nearby. However, some part of the mineralization and 
most of the alteration probably are products of earlier 
Tertiary or Lar amide hydrolhermal activity. 

Tn the part of the Sawatch Range included within the 
quadrangle, little evidence uf mineraltxaliun ii> s«en. 
jMparoid that has replaced carimnat* rocks of the 
Hf^t and Leadville Dolomitai is present near Mintum, 
as indicated on plate 1, but it is nearly barren of metals 
oUMrdum iron (T. G. Lovering, 1972. p. 79-81). In the 
I aouthwest of Oilman, whore the carbonate rocks 
) BO k>nger preaervad, alMrt veins of jaspery quartzite 
breccia or of hematitic breccia occur in the Sawatch 
Quartzite in several places. As judged from the small 
ai*a of prospect diggings on many of theoe veins, ^ 
jaspery and hematitic materiala are ^ <rrpr cj t rrtal 
values in the conunercial rango, but, to qut knowledge, 
thesr have not been taalod faoehamieany for trace 
metals Except in the Gilman district, no evidence of 
mineralization was observed in the Precambnan rocks 
of tha SaiMiteh Ranft. 

The rapid urbanization of the valley of Gore Creek 
has created a large demand fur sand and gravel. The 
ipindrangle is not well endowed with these materials. 
Because of the urlmnization. deposits in the valley of 
Gore Creek are eliminated from availability. Other 
Stream valleys in the sedimentary terrane contain little 
gravel, and what exists is of poor quality because it is 
derived from weak and in homogeneous sedimentary 
The only large and readily accessible potential 
of aand and gravel of good quality is in the 
ttUMMhMO noar the mouth of Cross Creek. These 
moraines consist almost entirely of materials derived 
from Precambrian rocks; though containing boulders, 
thejr couM boeono a aource of aand and aggregMo of 
good quality Morairu-s in the- valley of the Piney River 
area are also potential 6ourc«i> uf sand and gravel. 
H u w wo r . these nummsi oontito a fraction of red 
sedimentary rocks from the Minturn and Maroon 
Formations; hence, they might not be as suiuble fur 
agpUfSts as the moraines of Cross Creek. They are 
hiss Ibr IsH seeowibl* than those of Cross Creek. 
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TYPF SECTION 

Typ* —cUon o( tkt hiuitum Kirmalton 

Sm M ta*«4nMhn II jn R iHivtMtMW ND OMk (BiKw nk 
Ctwtk. wdmrnj h u mm n Dw ■MiaUIni wH<i vteviusni 1 1 rm tnil 1 ! Hi fl , 
■nil II llwil llj 111 Tt Ml « I J I < T iS.H m* Minium IS iw»niii«^4r*B(l* I9M 

•dj^MH ipi r< ^Wrtkm m««aiir«d ^uOiwuildiMni apur towttni Two Elk I'pr^^ ^",Ktnm 

CV**k. 0 * at 1400 at aaclk af GtUau. ■iipliulliMmi SE'/. nc 1 3. imMS-nrml T • $ . 

asiW-UMMMiivt.i 



Maroon Formation: 

Sandstone aad aihaUMM, highly B l ic sc e oet. 
thin beddad; wielhsr mdhaa nUlsh gny. 

CaukmMt cootsel 

Watwa VNaMitioB: 

Jse^na Mountain LimNtona Hmhsr 

136. LimaaUnw. Upper part rontainaoolillc 
beds that gra ill \i'.<M.ii'', ni't 
mottled liftht auaaaik i^iay 
p5*udocun({lomerate ronsiiitin)? of 
algal nodule* in lighter lim^lone 
matrii; cephalopods and 
fragmentary or poorly preaervcd 
brachiopod* pretent but uncommon. 
Middlo pen is light tray, mediam 

lOlt wtMa bsddsd sad in^Misr 
Mdad, lino grsiiMd. bimI mottM 

pale pinluah gray and pale green. 

Pink color cuts acram beddinn 

Ciactir unit H: 

i34. Sandstone, ^illstunc. and shiilc 

Sandst(>n*> and Jiili.stnnc <iro ri-ii, 
weather pale grayish red; many 
aandatone badisnctoasbedded; 
is nieaessus end pisiy. 



31 8.277 



133. 



132 



131 



130. 



1S9. 



I2S. 



aad mMliiaa grayish ted; tanaki Ir 

AHilsfihips no SJM 

Shm\e. red md graaa: and minor 
interbedded rad MadMooa and 

siltstone 36 Sj912 

Conglomeratic er\\ in ms»itv« resistanl 

bed .12 6JMW 

Gnt and interbedded sand»tun« and 
minor ahnht, Bndiam> to dark - 
grayish -red; some graao mottling on 
fresh fracture: is thin to msdiURI 

lMdd«I.Griti*calcsraoas 108 S.792 

>. dsrk'ied: hss aoBM 

isiltslonssnd 
«A. in.b*d«of»iItyIlmcrt»nt 25 5,767 

Cont;'i"n.era'..c k~nt arici interbedded 
sandati.iu:: and siltaione. Gnt is light - 
fP'eenish gray: weathers light 
pinkish gray; ig thin bedded, contains 
abundant I ■ to 2 in pebbli-s of qu«nj 
and felsitic Pracambrian rocks aod 
•oma pebblas of frcah nafic mk;grit 
is htghiy srhoaic end isaie Is 



ICQ 6vM7 



Con^mcfste; cooalstserpsbMss, 4- lo 

g-in. eobUea snd of a few 12-in. 
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OBOLOGY. MINTURN 16-MlNUTE QUABRANOLE, EAGLE AND SUMMIT CX)U NT COLORADO 



Type »Mun> af Ihf Mmturn Formation — Continued 
lliiitum Formation — ('ontinued TVcAmm 
Clutie unit H — ConUnued 

118. Caiigloin«rat« — CoatinuaH 

bouldais of PracambnM racks hi 

grMB^jrajr giit matrix S6 

127. Orit«ndHiiiglaaDcratiefrit.aiidBinor 
intailiMUMl MnditoM and HHatona, 

as in unit 128 116 

Limestone, moderate- to pale-red. haa 
ligiit-RTeen flpol.«i, weathers Iii:ht 
pinktsh i?ray, m thin bedded, flrt*!^, 
and medium ifrained, i-iintairis 
abundant muAt-uvite throughout, and 
upper layers also contain abundant 
medium- Xo fiiie-gniined biotite and 
pinklMdipar 3 



126 



IM. 

liK«rfaaddad.( 

IlKht KTven and weather rvddiafa 
Kruy: H«ndltone is medium grayish 
rrd. sandstone and siltalonp are vpry 
thin b«dded to thin bedded; weather 
in flaggy to plnty ledi;e»: most beda 
are limy; some sandstonea are 
cnMbaddad. Thin-bedded 
cong^oaunta with ptbblea 1 - 2 ia. in 
diaaiatar at Iff fi ihrn haw 

IM. Grit and •andatQM.intartMddad.light- 
pinkiah'ffray: iteathcr medinm to 
dark grayish red. Cnt» are about half 
Mdxparand hair quartz; contain 
iicattcrrcl quart! and pef^natite 
pcbhir* I ' /: in in maximum Hize, are 
cMlcareuu.1 Omitlumeralic ktiI bed 
near top of unit umlnin.o limmiiine 
fra^mrnts and ){nidt!.'« Interall.v into 
Umestonaandcakarauusgnt. in 
lowar middla part, unit l« 
iatarfaaddad grayi<fa-tad and (rayiah- 
graen nltoUNM and madarata*rad 
aandatana. Near base, unit ia 
moderate-red to grayish -red. fine- to 
medium -fn^ained Ihin bt'dded 
sandstone, is caUrareuus ronlainii 
fresh m, it 111 r • ; ,1 1 - .1 r - 

123. Shaly ailUtonv. landslone. and gnt, 
intavbaddad. Silt«ione westhera 
medium grayish graan. The 
aandatone waatbaia light bramiih 
gray. Sandatonaa ara madi w to 
coana grainad, ioma gradaa into frit; 
eonalatBorqnaita and mica witb 
some feldspar and mafle mineral*. 
Both grit and siltKtont' contain 
abundant fcld.ipar in a irrwn. 
prcl:.>iil\ 1- .'il.'riln: m.nri\ lint 
pmktmainltfK in the interval from 10 
to 50 f\ above the base of wiit. ...... 

White Quail Liniesioiie Member: 

122. Dolotiiiie. Ii^hi pinkish-gray.deii-'O'. 

thin -bedded; top 6-in. layer i» reefold, 
poraiHiwcatbera yellow Jbrawn 



S4U 
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Tyi» xi ium ol ifit- Minium thrmaiton — Continued 
Mintum Formation — Continued 

White Quail Limestone — Continued 

121. Limestone, inedium-bliush-gray, 

weathers medium light gray, except 
light bluish gray at top; is fine 
grained, medium cryatalliae, and 
ma«n tra to tbia bedded; Locally 
oolitic: where oolitic, ia1l|^ 
brownish gray. Weathen in slightly 
rounded alabby bloc lur, forma low 

lodge 

120 Gntty liinestune and interbedded 
ralcan*uu» Krit in about oqual 
proportions. lJm^•^-t■>^u■ is rm-uiuin 
blue gray; weathers medium light 
blue gray: cunuins feldspar, quaitt, 
and mica; grades into grit by 
inciaaaa in claatie material. Bath gril 

and limeatooa are eiaaelieddad. 

lift. Umcatone. mottled dark-gray and 
brownish-gray; weathers medium 
light bluish gray; iB medium to line 
crystalline and 
ma.<iRive low cliff 
tl& Covered, Probably inieriM-dded ihalr. 
shaly limestone, and thin-bedded 

grit 10 

117, LimeHane. dark-gray; weatbera 

gray; ia thin bedded ft 



8 5.179 



10 S,16» 



14 &.156 



ft,145 
8^140 



wMjthwMt from 1 1.233 ft mouAUUi on Avidr fcw <»w n 1 
(TintLnuM aouth (rem Uu« poiBt iamn aom ta bmm of I 
H«raber. akoui 120 ft i37 oil Tm Bk OnskI 

Clastic unit (i 

116. SandKtnnt-, arkiMic grit, and shale, 
inierbedded. Sandstone i« light 
Srecnilh gray; weathers grayish 
paan; ia vary thin bedded to thin 
bedded, flue to medium grainad. 
micacaout. and arlio«ir; is dolaimitia 
in lower part Grit is pale greenlab 
pr.i\ . HC;i;htrs ;nnki-h u'riiv. hus 
abundani Iresh pinic Icldspar in 
fragments aa much aa 'h in. in 

diameter 131 &.009 

Elk Ridge Limestone Member 

116. Limestofie. light-gray to dark'blue- 

gray; weatheta light to medium blue 

gray: ia fine grained to dense, thin ta 

medium bedded, except thick bedded 

at baae;iOffle bedding m luwerpatt 

distoned by domed algal strueturea. 

irppermo.tl b«d ik black, dark gray 

weathermg. At 20 ft abovt- base, is 8- 

in diiKimitt; In-d; weul^ll•^^ lir iv. nish 

Kriiy; has bunched parallel grooves 

on bedding pinnae. SO 4,979 

daslic unit F: 

114. Quarts grit, tight-gray. waU-aartad: 

eonaiBts almoat aatlrely of gritty 

quartz graina in ealeaiaaina cement 8 4,971 
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IGnturn Farmmtian — CoBttnaMi 
ClMtic unit P — CoDtinued 

Hi. Sandstone. grit. and. itialp. intcrbfddvd 
Cint predo(nil>«t#« iti upiH-r third nl 
unit; m li^fhl |jiMki»li jtfiiv. ii)nuin> 
abundant pmli f«;l<l»pttr, Sttndslone la 
light yellowiah gray to light | 
grajr. thin b « dd » d to vary thin 




iBMgrM 

HI. SlMly •iltttoM and ditto. DMk-gray 

Hhalr in upp«r part ki'adf >< downward 
inliifhaly siltatanc that wiuther- 
dark liriiv t<i brownish red rfnd In 
p4aly lu lissrk' i hip* (Jradt-s upward 

into dark >half 

Congjomeratic grit and gntty 
aandatone, p«le-cre«Bk»h'gray; 
wMthMTs puiluih gray i« lifbi mi; is 
vwy thin baddad and ■kacwoMi .... 
IMonuM, pal»41tMb-Bnqr, analhaif 
pala tantniah (isy: ia nadiinii 
baddcds nadivB (ninadi and 

feaiUiferaua 

Shaly MluiDne and arlio«ic uind.'<tone, 
Uffht yellowMh'Kray In light pinkiah- 
K'r.iv thill bfdd<'d ill ii) fl above ha«a 
IS 1 Tj ft lfd>;f ut cuarM-'Krained 
criiNwIx'ddi'd Mtidnlimr cunlainiriK 
abundant mim-ovite flaknx and 
aacular quaiu n-agmrnu a* much 
aa ■/« in. ia dtaoMiar. Unit forma 
aaady daya cawaiad with thin pUty 



111. 



110. 



10*. 



115 



14B 4J11 



d^tl 



4.C1* 



priibU* aAd cobbiM about 120(1 
aikovatbe baw indieata a CMteaatod 
cMlgfomeralp IM 

Ibbinson l.inifntrini" MrmtxT 

108. LimeMonv. m<<diuni- and irrcKular- 
bedded. weathers light blup icray 
blotched with irregular yellow-brown 
ansa of ai|iUacei>uii material. Unit 
ia paoHy aipoacd; forma low 
tarraealilMeban«eoralo|M 5 

ld7. Ilaadyaawendbutsparwoiilcnipa 
•Imw intailiedded iirit.i. 
ronglomeratic gritH. and yeltowitb- 
grav shaly mlljitiine 125 

108- l.ime?.tune, light blue gray. rinn. 

grained, thin. bedded Bedding la v«iy 
irregular: contatnx abundant foaaila 
and foanil fragmenta; foMila 
vacijNMalUMd to pinltiali-whila 
aoaiaaealcita. Unit Cfofwout in 
i)Nradiclawlad|ica IS 

lOS. GB«afwl. probably Miidaumaand 

HlMona 6S 

IM. Lime.itune. medium to light gray: 
weathen light bluish gray and i» 
madium fo tliicfc boddcdi cnnlaina 



4.426 



4,421 



4.296 



4.281 
4.216 



Mintum Formation — Cootinued 

Robipaon Limeatooa Mflrober — Cdbtinuod 
104i LiDientune — Continued 

abundant fosails. In middle upper 
part, foasfls dulomi(iz«fd und 
yellowiah and pinkish gray, giving 
riK^k a mottled appearance. 
Fruductidit are abundant in lower 
layera. Upper part of unit furm.s 
•moothly rounded cUIT 10 - 16 ft high 
108. Shale and micaceoua ailtatone. 

intarbadded, yalla«ialt- to pinltiah- 
fray. Uppar pact afaoitiacaiieaalad 
in coaerad dapa. flaull Nfaala SO ft 
«f Mction, and thiclinaaaorunit ia 

corrected an iirdinii I, V .. . 

102. Liitie»tune and >ut«>rdinute diiluinite. 
Upper 8 - 1 It tl 1^ diil.imiie with reef 
»iru4*turv. Tiirdium vellowish ijray; 
weathera brnwni sh iit\i\\ is medium 
coarH' grained, (hin bedded, and 
alabby: forms ledge 8 ft higli. 

r ia light-bluiaii-gny, 
•to thiek-baddad rmaatooa: 

iiaa nodular atnictiire 

lOl. Sanditoiwandailtatima.ihaly. 

yellowish' to pinkith gray 

100. Dolomite, light 'gray: weathers mcvJium 
br.twTiitih nun •■(llnrk iieddi'd 
mediuni «.r>st;illiii<' wejthi rji in low 
rounded le?i.!i' ........ 

99. Micareoutiaand«l»neundailtstone. 
interbedded, light Krvenish gray: 
matltera light yallowiah gray to ligbt 



40 4.176 



150 4,026 



45 
00 



8JN3 



150 S,T45 



»8 



grainad. modaiataly avan grainad. 
and thin lo madium baddad; ' 
abundant mica and argilliiod 

plaginrlaw grains. Unit ia poorly 

exponed 

Limextiine and dolomite, reefoid. 
L ni<'«:'>ii<- IS light brownish gray, 
weathrnt medium blue gray; la Uun 
to thick bedded. DOilomileia 
granular, maat|y medium grained 
but locally ooane grained; vuggy at 
baaa. TopoT raaf fonna cliff 10-30 ft 
high 65 a.«00 

I!9>T|MPC| vftt^ * etttU-* iit*th»p.l .in limrwl.'ne* ufKubmMm Mmbvr l.i t.>.ni ■! ,-1, .♦li,*v 

•DM ft un ridrfc brtwacn liaiM ud liunr c iwlu M ilw» lunlMy. HnwUuBr ul mm !i» i> 
I W ft ihwk. Umm (waiiMH* mMa**«i <mw •■llv uf Cim Cntk mmt ihafptp ma* 

Clastic unit E 

97. Sandatone.ailtatone. and minor 
dakmite- Sandatone and 
intergrndingailtalMia angreeniah 
gray; weather medlwn yalUiwiiii 
brown; are thin bedded, arkoatc. and 
miracwiu'*; many beds are dolomitic; 
M>me contain Dhunil.ini ninf.r I'rainN. 
Dulomile isbruwnmh gray: wvntbvrit 

medium yellow; ia Una grained: 
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GEOLOGY. MIWTURN 16-MINUTEQUADRANOLB, EAGLE AND SLTkiMIT COUNTIES, OOLORADO 



Type Mftum ttj ihr Mmlurn t'ormation — Continued 
lliatani Formation — OontiniMd 
Oaatk unit E — Omtiimad 

tn. SwtdatoM, ailtitone. and mlaar 
dotomite — Continued 
OMilaina flne quartz xrain*; iKCtinin 

Maitmrd thin twda. Unit fonm 
■nooth ilap«:«itpOMd«il)r i» jwp 
trail 



93. 



Kght taMmiih gray: ii vcfjr Hm^ 
cqntalliM snd thtai to medium 



W. Sandatona. congkniMratic gnt, shaly 
mltAtone. and shale. Unit is mostly 
|{re«niih-Kray thin to modium- 
bedded ark»Mi Handstoni- with 
minor interbectded uli*t»ne, shale, 
and ronKlomeratic grit. Mmit or unit 
utMtbera gray t« light (racniib (T«]r. 

•riuNie grit; Mmt agpMT to to 
gygMtoraoB; nomuvcalamaiii: ■U 
«wther readily.QmglMBOTitiegrit 
eontai n« pebble* >/* in. or Uat in 

diamet«r iiiul tsnaesor 
cunnlomfrnti- Shale m dark fray to 
lfre«iii«h icmv iind finrly micaccoua. 
SilliMnc m jfri'cnish Kniv In medium 
(fre«ii. shjily, hn;hlv m:c-iu-tH(u«. and 
chlontic. Beda rtrnge in thickneaa 
tnm ft li»w inchM tu a few feci and 
•Mmimu in ft randaai tray. Unit 
tmatlMntofti 



FMbftbtoft4iii«al«it«rilafaiiltnr 

Dolomlta Member of Pftndoam. 

Dolomite, gnt. sanditon«. and riiftl*. 
t'pper par. is sundy diilrimiU' tirading 
inlii diiiiimitu- s<indsU>n«; to virry 
rr i< actou-.. wralheni orange brown: 
breaka mt<> iinirular block* and alalia. 
Middle part ik mii rbedded 
mnglomaralic gnt and dolomitic 
■andaton*; ««*then brown ipacklad 
with orangi-i>raim apato; Isatrangly 
cioMfaftdded. Giit^Mauitft fttlma* 
It owriftbi by Uaiek lifaftlft «itk 
interbedded Mack dolomita in thin 

bi'dK. up \o ] 0 ft ab^ivo base 

Sandstont and ►rnt Hil per'-cnt i shaly 
silt sti 'HO I H" (HTi I'lit ' -halt' iind 
duluiiiite i lu percent I. Untt Mt.*athura 
pale yellowish brown to light orange 
brown and is thin to medium bedded. 
ITnit ha.« a few lenseii of quarts- 
pebUc congkmerale; pcbblea ftra 
BUHtly IcM tlisn 1 in. in dismftUr, 
iMit a Tew are a« much ftt 2 in. UbH 
fonn* itiope with ft few l«dgea ef 

«and»tone rriipping iwjt 

92. .ShAlf, nhaly .'illt.'itone, nandotone. and 

|-ril Sii.lh' IS ilurK t'l:iv HlMllterS 

medium gray. Siltstone i« gray; 
wcftthen medium gray lo brown aad 



MO 2410 



70 2.706 



Type lax-tiun uj the Mintum Formation — Continued 
IfiBtiirn Pbrmatioo — CoatintMd 
Oftikie oak 1£ — Omtintted 

it. fltale,tbalynlt«t«a«.«n4rtoM,«Bdl 
pit— Goatintted 
Hghk brawn. Both shales and 



01 



to light yeUMriili grar. ara Oin to 

medium bedded, and contain 
•tattered plant remaina. This 
sandaton* faedi bavo cvmil ligplo 
marks , 

Grii. <-i)n>;li)nieralic. (jray to brownish- 
gray, medium- to thick -bedded, 
unevenly calcaraoiii. MMww* 
chiaAy quaits , 

fliltilooo. ahsle, and gritty anndftlgno. 



■halt. Sandatmie is afkoiie and light 

greefi; weathers mediun grayiih 
green: is thin to medium bedded and 
medium grained to gritty. Unit ha« 1- 
fi Wii (if sandy calcareous dolomita 
about 30 n above baae. Unit forma 
smooth slope brakM hy Mgy iayon 

of sandstone 

landstane. dolomitic and gntty, 
yollowiah-gray OMCtlod with light 



09. 



Grit, conglomeratic; weathers pale 
brownish gray to pale gray; is poorly 
cementi'fi imd [xoirly sorted; is 
mediimi to thick bedded; contains 
scattered pebbles * . 3 m in 
diameter that include wtdie variety of 
Precambrian rock*. Unit form* 
covered slope with sporadic outcrop* 

in rounded forau , 

(.ariuNic; 
igny 10 light 
yolbwiah piiy; an thia boddad to 
vary thin bedded: contain abundant 

plant rpmnin^ 

Probable equivalent nf Wearyman 
Dol.inut.i- Member <if Piindo area, 
Shai«> ibU percent Miilty dolomite (10 
percent), and micacootia sandstone 
< 1 0 percent i . Shale is dark gray; 
weathers light gray: is micaoasoi. 
Dolomite ia grart woathora bmm: 
1 -a in. thick. 
I iagraoaiah gwy; w— tha w 



«0 2.726 



16 2.711 



66 84M 



SjOBI 



Mt4 



M«Liii*fBanMLrg.eflgBiMiaHpr«iUiaba 



ta»«rM«iM«iktMilMbsii 

Clastic unit D 

6&. Gnt marker bed. Conglomerate and 
grit aro light gny to gala anaa; 
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Typt tectum of the Mintunf 
Miotum Formation — Conttnu*d 

OnBtlC unit n ("(ilUllnltMi 

85 Grit marker txMi — djauuxmA 

wt'iithcr [>alfc pmkish ({ray tu pale 
greeniah gray; are medium bedded 
and croaabedded; alternate btym of 
fln«' and CMne-grunad 
conglomermte and inMrlMdiM grit 

pabldMarataMtlim Sin. menm, Init 

aume aWM B«dl M 1 (k:STCIIUNt|)r 
granitic and flMtamofpluc raeki. 

eubariKulnr to mibrounded, tending 
toward riitt ellifMoidal ihapM. Unit 
form* highest ^^lfer cliff un upper 
•lo^«>f Eagt« Valley «a«t of Minium 
M. 3i a d m m,gril. and minor intcrbeddad 
lUuton* and •bate. SuidMiMM and 
|rkai«affeaaic,aileaciM*ii«ddlah 
green; weadiar light btMnlih gray 
to light grMoiilt gray; arc moatly 
thin bedded and «Ubby or flaggy. 
Shale ia dark olive i{rAy u nd fltilla. 
There are ripple m»rkM tibnut 3 m 
fmax crest U> cressl si 27 fi above base 

(if unit 

Sandatone, grit, ailtatone. and 
OOBgMnnvte, interbeddad; are light 
g rain; oaathar pale gre«ni(h gray, 
aratMa la thick bedd«l. Mtfiy bada 
aanlala eMiaaud paorty aotrtad 
Awh IMdapir graiaa in a alighllr 



«3. 



^Soma 

aandstone and grit bcd» ^buw 
peneconlemporaneou* tslumpinx and 
Biiriur fiiulling. Con^ornrriKen 
co«loiti l ulihl** a* much MS H in. 
acroa«: mn^t < (inKl'jmrrati- tayrrsara 
nonpenttstent and Hi) channels. 
Peraiatent conglomerate b«d 2 (t 
alwva iHwa of unit ia ovarlain Iqr vaty 
thin baddad mieacaauaMadatanaor 



M. 8iltataaa,grit.anddolamiia, 

inlafMdad. thin- to medium- 
bedded. SilUtone ia pale green; 

weathers pale ^'reetiiHh iifray: itahaly, 
coaritcly iuit.ac«!ou», vuniuin/i 
abundant grit, Grit is laminatrrj 
conaiata of coarse quartz grams in 
chloritic and micaceoua matrix, 
Dolomite it medium gray: weathers 
light orange brown: ranges from 
dolomitic aandatona through aandy 
dalaotitaln caoglaaMralie i 
with lenticular taaiy maaiia af 
doloinfte 

M UManasrtkMiaikass 



193 



2,331 



M 2,343 



17 2,325 



«1. Oiitandaaiidrtaina.pala-piaUrii-gniy 
ta pala-yalianMi-gray. Unit ia moatly 



Mintum f urmalir rj — i jontinuod I\ici««M 
Cbatic ur.it D I ontiBued ' 
81. Gnt and saodatooe — Oontianad 
thick bedded with a few 
nonpersislpnt layvrs of very thin 
bedded mu uc tMu.i .'«and»tone in 
upper half. Grit is conglomeratic, 
poorly cemented, and slightly 
dolomitle. MUaa and cobUaa in tha 
grit maaaaiKh aa SiikacToaa, 



and conalst af Fraeanbrian rock* 

and minor ^ram micaceoua arkosic 
mtndstuni; and brown -weathering 
dolomite. In profile unit foiBmhigh 

cliff with rounded fonns 

Grit. sandstone. and shulc Gniiapali 
graaniah gray: weathers light 

I gray: consiittof faldipar, 

i:iaiMn 
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light grayish green; is micacaoMaad 
laminated; weathers to fissile cbipt 

Ti. Dolomite, micaceoua, conglomeratic. 

roedium-pinkish-gray; weathers light 
yellowish brown to medium ora n 
brown; is medium bedded and stabbyi 
contains subrounded to subangular 
pabbiaa of Precambrian mcks >/t -6 
in.acnaa 

78. Grit, pale-bluish gray; weathers pale 
yellowish gray to pale orangUh gray; 
is arkoeic, poorly cement«d, and very 
thick b*<id»(i: ha« grains 2 -8 mm in 
diHmi-liT. f(jntains jihaltji in small 
lenses l>oth parallel to Ijedding and 
craaacutUng at steep angle; steep 
lanaaa ara 1 in. thick aad S-tO in. 
hug 

77. Grit (80 percent), ahale (15 percaat). 
and dolomite (5 percent), 
interbedded. Cnt i.s li(;ht t;ray. 
weathers pale ^eenish gray to li^ht 
vell'jwiah irray; i.s cunjflumeratu' and 
dolomitic. medium bedded; contain* 
quart; pebbles as much aa3in.in 

diameter. Shale ia dark gray; 
waathetaKglit gmy-.ia lamiMrtadaad 
fiania. [MaBiite ia dirk-gray: 
waathifa nadium brown: ia (Ina la 
HwAwn grained; is thin to madinm 
bedded and flaggy; occurs a* 

lenticular beds 

76. Grit, shale, and sandstone. 

interbedded. pale yelli)*'ish joray, 
thin- to thick-bedded. Grit is 
eengioineratic and calcareous; 

• pebbles «• much as 8 in. 
; ia in well -denned beds with 
irrt gttlar but nearly parallel topaaad 
I into wy thin 
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J)fptmeUeneftlwtCiUam 



81 



tieddad nkeaetiMU Hmdit«m« nt top 

of unit. Shalf lay«r««re thickwtin 

middle i>r unit 

75. Shale, very dark gray; weathcni gray, 
contain* minor int«rbeddod 
bmmull'Kray thin-bedded 
mkacwNW srit and ailtMOM. Unit i» 
nuMt)yco*«red 

74 Grit and conjilomerate, with siltstone 
and shale partings. Some layers are 
dulomM I. i h.iiiK'inK on strike to 
iCntty (|i>j»mtif that pinches and 
gwclU in ihickneiui frum a few inche* 
tu 2 ft. Unit weathers liKht greenMb 
gray to liuht icayixh bnjwn;wplat]r 
to alabby ; forms cItlT. Uppar part 
canuiiH quarttpcMat *A -4 in. 
acroaa In matrix af poorly MTtad aaad 
andxril 

73. Con.iliiiiK-r.itf litjdt hriiwi.iih wniiyto 
ll^hl k.'ri'fiiisli ^\r;i\ vi-r> tnirk 
b<"ii<^i'd. ;>')nrl> i t-iruMilnl, ^J<.^J^Iv 
Hiirl I'll I'l-htilr'i .irr siilir'/i.if.Jed tO 
Kllh.ir.iMil.ir iTuf>Ti\ III ('ri-rambnan 

nK kn but a few of dolomUe; matrix it 
coarse cakarenus grit. Unit Amw 
cliir pockod by cavcmt aovcrat feet 
hiShal«n(wortica1jointa 46 

72. Qrit i60 percent), shale <25 p«rCMIt). 
and dolomite 1 1 ^ peri-enl ». 
intrrh«dded Unit is thin tu mediuffl 
bedded Gnt is (fffeninh ftray to 
bn>wni»h Rray; wrathcrs palabnnni; 
contain* brown-WMth«ring 
eaitonato Krotm, Shale is light gny. 
IMomiteiadarkgrayto bnnmiih 
gray: waatlier* moditim brawn: i> 

r-r-.f irrrM-fd and (jritty 39 

71. Gnt and cunf^lumerate with a few nhiilc 
partings Unit l-i pale iireeni.sh ifray 
t<i liuht brownish gray and thin to 
thick bedded Cungltimeraie it poorly 
Mirtfd: hati pebbl«s 2 -6 in. BCnm in 
gnt matrix. Unit romapromiTMnt 

cliff 50 fl high 94 

70. Shale, sillsiime grit cnnclomoratc. and 
di 1 ::: ii< mti rlK-ilded Shale la dark 
Krnv. wfiilbcrx medium cray. is 
lumindti.'d and I'l^^i-ilc Siltsttme and 
grtl aregrMnish gray tu brownish 
gray: at* thin ti> medium bedded and 
very micaceous; ailtatone is 
laminated. Conglomerate is pale 
pinkiah gray; weathera pale greeniah 
gray; is poorly cemenied; moat of 
pebbles are quarts. Smne finO' 
grained gnt and ailtdtone contain 
abundant plant fragments, 
especially rushlike leave* 74 
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W. Oiitand aanteona, ll^t^y to nearly 
white: weather pale brownish gray to 

iviedium light (iriim. is ifiin In vt-rv 
thick txKidt'd, ciidrsciv i.'rii»«l>rdtlt-cl, 
poorly Mtrted. und poiirlv fcmciilt-ii. 
Some beds are doloaiilic; tin- lixht 
brown and caventous wht ri- 
weathered. Grit oontaina pebbles of 
quartz. Piaeaaibrtaii lock, and 

dokimite a» 

«8. OMkmpMOHtlaaddokMilta (90 
panaot), Intaiteddad. flhal* in dark 
gray; mathan Hght to dark gray; {• 
laminated to yttf lUn boddad. and 
dolomitic near baaa. IMomita in 
upper part is dark gray; weathers 
light yellow brown to light orange 
bruwn: I.* I ii III til ttifdiuiM tx-dcled. 
dense, and aimixt lith<>i;raphic; 
middle part is medium brownish 
gray, and gritty to congioooFalic; ia 
t gray, micacaoiii, and 
I fine grained near boae. Unit 
forms lodgy slope, moetlycowend ... M 

Clastic unit r 

67. Reefdokunite of Lionshead. dark-gray: 
faoathoi* medium brown: is Tine to 
madiam grained, medimn to thick 
bedded, and dabby or flaggy: 
eontains poorly preserved lbsaib:ie 
irregularly vugg>'. with caVite 
crystals in the vugs .Xi 20 i5 ft 
above t>ase cunglomi' rut K t:ril butts 
against sideof rwf in su-^ p inil 
sedimentary contact: dulomitt' above 
the gnt contains abundant quartz 
pebbles. Upper surface of reef is 
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86. Sandatmia.ailtal>me, and grit. 

interbedded. Sandatnne and grit are 
light greenish gray to pale red. 
west her graWsh brown to orange 
brown and liK'ally. to bright red; an 
calc.iri lu^ d'llnmitir, thin to 
medium h.. dd'''.) .i:id Oa^'ijv. i* 
crossbeddi d in -i: iddle o( unit. 
Silt stone i^ d;ii k i;reenish gray and 
duaky red tu light brown: weathers 
dark greeniah gray, medium reddish 
gray, and medium oranse bniwn: la 
wry micaceuuB and very thin bedded 
t-i rt-:sdr . . 38 

65. Sand.-iitine and minor shale, medium- 
light iiray: weather light yellowiah 
gray: are micaceous, medium 
grained, medium well sorted, and 
medium lothicit bedded 13 

64. Shale iW percent f. siltstone (20 
percent!, and sandstone (2f' 
p«rc«nl). interbedded. Shale is dark 
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Typt mcuon of Mmlurn t'urmation — C«nnnu«J 
I Ponn*Uoa — CbntiniMd 
unit C — CmUnucd 
64. SmI*. tilutoM. aad 

gray; weathers invdiulll 
gray. •• mteriayered with 

itanom »iliatone that 

Mthm to fiMil* chir^ SkndManc 
ia madirm Ught^y. wMthandark 
gray to oranne-lmNni; btUa Itt 

medium bedded 

13, Siale and diiloniiif Shale i« dark 

Sreenmh gray , wt-athem dark trrayMh 
KTi-en. Ik i.i)iv. lummaled, and fiifole. 
Oatomite M medium grayish trrru 
•mthers medium f^ayiah bniun. ii 
madiiim graiMd. Mdium bedded, 
•nd fUgSr> crouiiM •bumtent t«taklt- 
•■^•UMrk nl« and Am- 



tL Grit.liKht icrayiih-fr«m;waath«n 

lighl greeniah gny; ia arkoaic, locally 
cooglataeratic, medium b^dad,and 
flaggy-, oon taint a few ailtotone 
p*rtinp 

61. Shale. dark gr»> Uidurk trri-fnish t:rjy. 
weathera dark green ixh i;ruv i« wry 
thin bedded t« fiiwile. luntums plant 
mnaina in lower pan In middle of 
unit ia lS*in. bad of mcdiiHn-bluiah* 



wMllwii iwg diilniiiite 
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48 l^T 
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Grtt. «a«glanicrati<>. palt'grMniaii-gray 

t" pale pinkish-rray. calcareour. 
wreatherR hght pinkioh ifrav. \» vrrv 
thin bedded and plaiv ii i ip m.<-i~iv» 
in middle, and vrrv i^im bi dded 
ba»<- 

Shale and mtnur shaly txICKtuitt;. bUck. 
weathers dark drevnish i«r»y tii dark 

gray, in part la finely mickcaou* 

Sandaionc aad grit, grwnbh- and 
pinkiah'gny: coamgrit at lapof 
unit and nadiHm-iitW'grained 
■awd«l<ww at faaae. Unit funiw 
praminent coBtinwnMladgewtth 

im-ijLilai pr-'Tile 

Grit ptiiem I. «h«l<- liO percent i. 
and nandKtiim- i20 percenti. 
interbeddi-d. Iichi ([ravi-sh Krccn 
Sand-itone and Krii are thin t» 
medium bedded. Sandstum- 
medium fine grained and mK acwua. 

Shale iamicacevua and ftwiie 

M. Shala.thalyailtatone. and grit, grayiah- 
gnran: weather grecniah gray. Grit la 
(andy lu otnglumeralic: form* ledge* 

2 4 ft thii k iin shulv i>l'>pe 

55 SJiaU- and di.lv'iniK- inifrln-ddtd Shale 
I* liishi ifr«fni<h »!ray, micatiim*. and 
ri««lle. Uulumili* i» in beds i - 4 in. 
Ihicli.eace|tt hcd nenr ttip wf 



7>p« «ee<*aN e^lKe Mbriam 

Mintnm Kormalion — Continued 
Qaatic umt C — Continued 

54. .Sand»lunf itui i unv'lomenitic urit. 

intfrhcdil<-tl [iinki-h-in"»y I" liRht- 
kirjv c\i >'|il nui'^T, l>' ;>ink .it base, 
medium liiiit Ut-ddvo i« iiitt»»ive. 
Btroniily imiMbeddcd. Gnl itmtains 
acattervd pebbles, and a few len-ws uf 
eongjomerate 90 t.lld 

55. SaB4rtana»thaly«Uaiana.andahale: 
lapwai«raainiately la^ofiowie red 
ions in aMthoit in thia ana. 
Skndatoaa k* hematitic and chbritie: 
weathers dark red; i» very thin to 
medium bedded: forms led^eft 1 -2 ft 
thick ShaK silisioneand shale are 
red and lamir.>iti-d«r fissile 21 1.095 

M. Sandataneandgrii [imttlL'd liKh< 
grcenish.frray and tight green: 
»eether light pinkwh gray. Grit i» 
ariuMW. Uwaliy oongkimcratie. vary 
■lightly «akaiwmi. and 
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18 
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n. ftindatone <40 percent). ailtatflna <aO 

percent I. and shale (30 percenti, 
interbedded; weather medium red. 
excfp'. •.niiu' li'd>;r> w<'iiiliti li^'ht 
grayisti «' «•'*'''• Jihak- u. rt-d Ui dark 
green and hematitic tu chluritic. 
Sandstiwie is red tu medium greenish 
gray Coarse conglomerate layer 10 ft 
helow top of unit cuniai n» pebbles of 
Pracamhrian nickaandorgrecnjab 

micacaauaehaleandiiltatoae 

Oaatic unit B- 

60. l>>i(.rriii. bi-d .irn<iwd»:Charty 

dMhimit-v nii'diuni gray, weather* 
linhi ►.•TjMsti tirowii .91 thin lovaiy 
ihm bedded and Oaggy, with 
greenish'gray »hale films un bedding 
planes Chert is light tu medium 
gray, some chert lenticles cut 
bedding in dolomita at low angle .... 

49. Grit.«nd«taM,and«lt«liine,pinkiah* 
gray tttliaht-tfraanidi-gray: wnathar 
medium red aritb light«ray etraaka 
I nit is mediimi to thick bedded; hat 
Uical lenses of micaceouji 
L lirikiliimiTju- TpiiiT -.j.iri i:>funitie 
v>fry thin bedded huriiatiltc shaly 
siltstone 

AH. Sandstone 1 70 percent t. Mhak- (20 

percenti. and siltsluiie 1 10 percent! 
interbedded. Sanditlone is partly 
hamatiiic aiul dark red. and partly 
arkneicchliwitic. and gray; ie thin to 
medium bedded, poorly forlcd. and 
fine grained to gritty: inctudee anme 
graywacke. Shale is medium green to 
dark grwni»h gray; weathers light 
green: lii laminated and finsile. 
.Sili.^iiine 16 shaly. finely micaceous, 
hematitic. and laminated; aume 
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86 OBOLOGY, UINTURN 1 6-MI>arrE QU ADRANOLE. 

7^ meUam eftht USntum 
Matarn Fonn«tiao — Continued 
Oaatic unit B — Oontinuwl 
48> San&tone, shale, 

Continued 

hematitic layers nhnw ripplf marka, 
rill marks. Atid po.sMbli' raindrDp 



impn»«on» , , 

47. Grit, undsutne. and MltatooB. Poorly 



M6 



■ikoiieMiidiloiMeMtaljiiiic 
•fctmduit flwah pink feldspar Kraint. 
Grit if light gneniah gray; weather* 
light gray to browniah gray: ia thin 
bedded, but weathers in maaalvc 
rounded forms Atiltleahaly 
siltatone occur* m middle of unit . . . 

4fl> Shale, raudatone. and ailtatonv, 

intatbedded; are thin to madiuiii 
badM. Shale iag)«aa:«nthMM 
light amen. MudMMB ia light 
bRNmiii) giWB; WMtlmn yaOowMh 
bmm to miKaiii tad; cmtaina 
ahundaM madltmi- to MM rae grained 
inuacovit«. black mica, and other 
mafic minerals in a very fine grained 
•lightly chlontized matrix ., 

4S. Grit, conglomeratic, pale KH^ay 

w«athers light gray to velKiwisii k'ruy; 
ia thin to madiuiii b«ddad and flaggy: 
eoetalna firaah foldapar, chkrltisad 
nafic ■linanili.aadaeattarad l-S 
■n.qnartspabblaa 

44. Sandstone (HO percent) and shale (20 
percent), interbedded Sandstone ia 
medium K'rriy wt.NilhiTs lit^ht 
bro*nij*li ^sr!i> to medium red; is 
poorly sorti-d ind ktnttv; (onlaina 
freah pink feldspar, chlontized 
coarse hornblende and biotite, and 
abundant white mica. Siule ia light 
green jith gray 

43. SandatoiMaBdgrit„light«reeiiiah- 
gray: waathar light jrtOowiih hrawn; 
an thin to aadiutn bedded . 
croaifaaddad. and flaggy Layers of 



well sorlctl, muditim (.^lairn'H iirfc 
»and»ti>n»' all< mute wi'.!j unr 
ConlJiir'ini; ul'undant qu.irt.' -ind 
Precambnan pebbles tii iuKhiy 
micaccouB matnx. Home layers 
eontatn abundant limonite »pots and 
carixmiaed plant remains; also 
eontain miaor thin iatoihada of 

iHBilameniah-grayalMle 

42. Shak (70paTcontt, andaanidatona (30 
percent), interheddad. Sha1» (s 
micaceous. Hilty and Iifht grLun. 
except lower 6 ft is f< <l Sandstone la 
pinkish gray; wi-i.ihiT- lij;ht 
brownish gray; is nrkusic, medium 
iloeal|]r« 
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EAGLE AND cSLMMfT COUr^TIES, CWLORADO 

Type seclirm of the Mintum Formation — Continued 
Mintum Formation — Conlinuad Dui«rr 
Clastic unit B — Continued <NW 
41. Sandstone and minor interbeddod 

ailtstone. Uppermoatbediaa 

medium-red nne^gniaodhomatilic 

•andit«ma.Sandatanabailowia light 

graaniah gny to light brawnith gray; 

weathacapala greenish gray to pale 

pink: {amadiotn to thick bedded. 

medium grained, well sorted, and 

urkDsic, contains nbundant brown 

limonite spoix has chlorite matrix 

Siltstone is shaiy. light greenish gray. 

very thin bedded to laminated, and 

containa abundant mica and 

chlorite 10 821 

40. Covered 28 788 

38- Sandstone, arkosic, conglomerauc. 

mrd 1 urn gray ; weathers dirty 

brownish yellow; is medium to thick 

bedded, faintlv Lruv'<li4.>dded; is 

interbedded with ligbt-grayiah- 

yellow fine grained micaeaauB thin* 

bedded sandstone ]4 779 

38^ Sandetan* and grit, light-gray to light- 

ylhw wa h-gray; weather light 

yeNowiah brown to medium grayish 

brown. Sandstone is medium 

grained, well cemented, and thin 

iHrdcied. wenthers to platy lilaha Gnt 

is thin to medium bedded, flaggy, and 

locally crxMsbedded; containa aanU 

quartz pebblaa. A S-ft bad of 

conglomeratic grit 83 ft ^WVt bnaa of 

unit shows both trough and planar 

e rose bedding 44 y jg 

37. Covered slope gg 700 

36. Saoditoaa. grit, and ahala, interbedded. 
SmdMona ia light gnaidahyeihiw. 
and thin to wiy thin bedded: cenaiau 
of Ana gralnad quart! and abundant 

medium-grained mica. Grit ia light 
grayish white, very arkoaic, locally 

conulompratic thin to medium 
bvddud, Aagg> . and tru.H.-«bedd»d- 
Shale IS pale grayish yellow; 
weathers light olive yellow; ia 
micaceous andwHy thio|y 

laminated ,.,„. 36 643 

88. Grit and interbedded ahaIa.<Mtla 

clilecitiapnrtidaa;hi 

WMthera pale hvo wnMi ydluw to 
dark grayiah red; is thick bedded; 
contain* *'< in quartz pebbles Shale 
iadarli gni . :>[. n j; weathers 
medium grayiah red; ia very thin 

bedded to Baiila 94 «S1 

34. SaDdMone.gray.niediiiim-graiaed. 

10 841 
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Type sectwn of thr Minium Formation ^ CoaUTi\n^ii 
ICntuni Pbnnatiaa — Omtinuwl Th^i,.-.,., 
Oaatk awt B — Continoed f^> 
39. Olftwrfcongkinierate, haa shale 

pMftinfi. Unit i» li(ht pinkiah gray: 
VMllwm Itilht fnyith wfaHit to p*lt 
9takidira4«itkblcdiiMM;to«My 
thick badM; tiM pUnar 

croMbeddinir contain* many pebble* 
of green chlontic phyllite a« well a* 
pegmatite. fT'- 1' I''' ■''•-i 



Typt ttctton of the Uintum ftenwlMM — Continttt-d 
Mintom formation — Oootinuiad 7^u a-^„ 



melaroorphic rxick.i. ^♦■hhles arr as 
much a-<i 3 m acriw.t Ixical 
channeling occur* between unit* ... 
Grit and conKlomerate. light •yelluwidi> 
brown to Itsiit-pinUili-iny: wmUmt 



20 



pqptoil red; at* mtdhim lowtytkhk 
mIm, flaggy, and craMlMdda& 

P«Mile« arc mmilar to tha*« in ODit 

» M 

91. Grit and aandatone, nrkniiir. Ii»fht- 

redd>*h-iir«y to lisHt yi-llnwish srray; 
wi'Bthi-r dark Drnnoe brown _ arc t bin 

to medium bedded, and flaggy 3fi 

90. Grit, grayish-red: weathers dark 
gr«yiih r«i;iatiiin to medium 

.and arkosic; oontniw 
landcUaritie 

19 
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ClMttC unit A: 

99. Grit; is in part conglomeratic; grade* 
into quartz-pebble conglomerate, 
locally cmaabedded 

89. Sbaia. h—ntitk. dark-wd; marlu 
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97. 



Shda is BTMn Hid fiMdt. BiM of 

unit is 3-(t bed or brown-speckled 

gray landatone 

Sandstone and shale, interU-Hded 
Shale is lij^ green; ibrm* 1 6-ft bed 
at tup of I 
gray 
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99. PiFlmit t: 



959 
989 

251 
349 



dark onns* iNMm; !■ audliiiB tA 
tlii^baddad.aB4tapait. 
ei«aAadd«d;iaarlM«ie and ndentic. 
OrMBlih mkacaouaaiiale in bed* 1 (I 
or leas thick Occur in lowar 16 It of 

unit 

93. OinKlrjmi-ratc and sandstone. Upper 
pan IS a light -pinkish-gray medium- 
bedded croasbedded medium- to nne- 
graiaad ■■tuittowe ocmtaining Ibin 
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Claatic MBit A— 



downward ijrto pinkiah-gray 

BUdittm- to thick -bedded 

conglomeratic ^andstonr. and this 
grades iniu dark rid conglomerate at 
buM' Cunflomerate contains 1-in. 
pebbles of whit? and pink quartz, 
dark chert, and finoly miraLo<ju» 
green shale fragments; matrix is 
micaceous 

22. flhalakmicacMMi^gnoawitiidark- 
■MMaiMfadattaaka 

91. "-rfrtm |T9pBManU. 



light greenish gray and thin to 
medium bedded; contains pebUaaaa 
much as ' /i in. in diameter in a 
matrix of fine to cnarro quartz 
grains. Shale ismedium ^een. 
weathers light greea. ib very thin 

bedded 

Orit, GMlgioiDeratic. Ught-green, 
traathan medium brown; is 
and poorly aoitad; 

•A in. in 

dtaoMtarandiainor feldspar 

19. Stale, micoeeoia. green; mostly 

covered 

IB. Quartz-pebble conglomerate, liRht- 

gray; weathers light orange brown; is 
thick bedded: matrix ia medium to 
coarw gained; paUliaanM *A— l/iio. 

in diameter 

IT. ]M(MUt«,tlun- to medium-bedded;iak[l 
paiaiatant layaia; iiaa tliin aiiala 

^rtincattap 

19. 8l«baiidaaBdMaM.lntafMM 
ahale iafWIa and thm bedded. 
Sandstone is medium bedded, fine 
grained to gritty, and micaceous; has 

ii. cement 

Conglomerate and sandetone. li^fht- 
gray; weather li^hl browTimh fray; 
are medium to thick bedded: have 
pebbles up to V> in. that are mootly 
quartz but some that are chert, 
iandatooe, and qnaitsita. 8andlitwia 
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14. 8haia,dolonita,andgiil,i 

Unit is mostly ddloniit« and 
dolomitic grit in upper half and 

ino.stly shale in bottom half Shale ia 
platv and dulomitic m middle and 
fissile at bottom. Orit is very 
dolomitic; contains dolomite nodules 
19. Dolomite and diale. l.5-ftdDiaaiite bed 
at top ia madiani boddad. inodivBi 
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Type lectton of the Umtum 
Miaturn Ponnation — ContimMxi 
ClHtic unit A — CcmtinuMl 

18. DotaaiU and th«l« — Ctontinued 
few ilwlt partinKs Dolomite is 
undwlain by 3-li bod of fnnk Mack 
mmealeuMiM iIhiI* with kntieviKr 
gnUf 4ofa»ilM 1 -S In. thick. I ft of 

critty doloniu to M ham 

. Shale and gril. int«rbedded Shale » 
inicaceoiM and pink; wvvthers light 
gray to yellow bn>wn Grii is 
chloritic, with some sh«lc pnrtinga . . 
Sandstone, li^ht f(rt'<'riish ^rnv: 
weatbera medium orange brown to 
kmwBial) gray; ii poorly Mvtad. Him 
to nwnw graiiMd, vmy mlCMMM 
•nd cRMibedM; iMttlagitn l-t ft 
tliiek;<lml* paitiBfi t in. ts MVinl 
indMitUck occur b«tWMnb«b .... 
hale (80 permnt) and d4>liimiie (20 
percMit), intorbedded; beds ar« I -9 
in. thiclc. Shale in riosile in upfxrr part 

and thin platy in lower part 

Conglonierate. Pebblw arr aubangulsr 
to subrcmnded, ■/<- 1 5 in . acroaa but 
mostly about '. i in ; «re moatty 
quarts, but aome aro ahaU and black 
or gray chert (ft«B LmMUoC?) 
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FlirtiiigtT) 



^ Sock HBlalBa ifola of 

■'.grained recryttalliMd 
carbonate and sparac graiiu of 
chalcopyrite; weathera with maqy 
vug», which probably represent 

leached cirbonato 

8. Shuk- dnd grit, micaceouii: is very thin 
bedded in upper part and medium 
boddod at baao. Grit ia noMly quarU 



T. Shale and dotanito, interbedded; i» in 
equal proportiona. Shale is medium 
gray and thin bedded IV'lnnuti' ih 
gritty, gr(5«ni»h ijTa.'. tn bruwniMl) 
Ifray 

6. Shale, dolomite, and grit, interbedded. 
Shale ia medauin gray; weathers light 
blue grey; ia irregular and wy thin 
baddod; contaim hmMoTgritaa 
much aa 1(1 thick and 10 ft kmg. 
Dolomite iigiooflUh gray; weathen 
orange brown', i» aririllaccouB. gritty, 
and micBceoua; cuntaina some 
chlorite; haa angular quartz 
fragments an much us '/.• in. in 
diameter , , , 

6. Sandatone and minor interbedded 
micaceous shale. Sandstone is 
medium grained, poorly sorted, 
micaceous, chlontic, and thin to 
thick bedded; ogcuib in lanticular 
hair, la crcakicdJed at top afunit. 
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with fereMtbodBaaniMh at 10 ft 
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Shalf and micaceous dolomite, 

inti-rhi'dded. Shaly i.s medium gray to 
dark icrav. weathers medium lit^ht 
gray Uulomtte ia mieaceuus and 
medium greenish gray; weathers 
brownish gray, occurs in lenticular 

noduJar beds 1 -8 in. thick 

Grit, arkoeic, niadiiua.grky to Ugiit- 
fMCUiak^^ay. nadiian-greiiied; 
contaiaa many thin partiofi of 
micaceaua ahale; grit bod locally cuta 
down into underlying liltalo aa mUch 
as 30 in. and thickens 
I iirrespondingly , 

Shale ( (to percent i , grit 1 1 5 percent), 
and dolomite < 5 percent). 
iBtarbedciDd. Shale ie dark gray; 
waatheremadiiim gray:«oataiaa 
arkaaiegrit ia Ieiiiii{i-I2 in. thick 
and 10-W ft long. Dolemita ia 
medium light gray; weathers light 

brownish gray 

.Siind!*loiu-, fjTilIy, mrdiiiTn IiiiiU K'"«y; 
weathers light gray, except vrangt* 
brcnm rtain on joinu Troni 
woathering of iron-baariag 
carbonate, is rooMivo to thick 
bedded; kmcat bad ilHwt planar and 
trovgh cnwtedding; ooBtaina aparaa 
*/i>in. quarts pebble* miied with 
poorly sorted medium-flne to coarse 
qunrt/ and altered feldspar grains: 
kilnu contains abundant small grains 
and blebs of brown - weathering 

carliooate, preeumabiy aidcnie 

Channeled contact. 
BaUen Fomation: 
Back ehale and limeeione. 



Wtni lliMiiniiy of maaciirad iWrincim of nnjor iinit - 

Jacque Mountain limoilWMllnnbar ..... ..... 31 

ClasticLnitH , I,0ft6 

White Quail Umnitem Hembar 51 

Oaatic Unit G I3l 

Dk Udge UmeatnnaMembar 30 

CtaitieUnitP 663 

ClHtieUiiltB 14M 

ClaaticUnltD MS 

Ctaetic Unite 50R 
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L£AD IN TH£ £NVIRONM£NT^UMMARY 



By T. G. 



Lead i« a soft, heavy. inallcaMe. frbdvrfy inert metal 

with a low melting point (327. uhith has brrn 
known and used by man since ancient tiroes. It has the 
chemical symbol Pb (from its Latin name pitmibum). 
aiomit nniTiher :\nd irninif Wright of 207.2, making it 
the heaviest of the common metah. h is the stable end 
product formed by the radioactive decay of uranium. 

Metallic lead was uwd in antiquity for jewelry, 
plumbing, and cooking utensils In modern times metallic 
lead and lead alloys are extensively used for storage battery 
plates, sheaihing ior electrical cables, unaU-caliber 
ammunition, shielding for X-ray apparatus and atomic 
leaf tors, type metal, heating metal, and solder. I^ead 
compounds are also important as components in the 
manufocturr of paiiu. cetamics. and glass and as an anti- 
knock additive in gasoline. In 1970 the United Stairs 
produced about 570.000 toiu of lead and consumed about 
I3M.000 torn. Much of the e«eia eomumption was 

drri\rd from recycled sira{) metal, and the KM was 
im{>otied chiefly from Canada ;ind Mexico. 

Ores of lead and line aie often clotely atsociated in 
deposits formed by replarrment of lirrtestone or dolomite. 
Lead ore is commonly preMiii together with ores of 
copper, zinc, silver, afKlkic. and antimony in complex 
vein dqMMitt that aic geneticaJly related lo silidoiis 
igneoas mtnisive rocka. but lead ore inay ocnir in a variety 
of igneous, metamorphic. and scdimrniar> host nx ks 

Although both metallic lead and the common lead 
minerals are nearly insoluble in pure water, they are 
apprcciahly soluble in certain organic adds; likewise, 
some of the lead compounds produced industrially are 
also considerably move water soluble than the element. If 
lead cTif-r*; the human body in soluble fonnitaocumutaies 
Ibere and < an cause lead poisoning. 

Airborne lead in smoke from wae li ei* , or from the 
coking of coal with a high lead content, may produce toxic 
effrrts in plants, grazing animals, and humans exposed to 
the smoke for a long time. Lead poisoning may also result 
from the ingestion of lead-bearing paint by small children 
or of lead leached from pottery glazes by die citric acid in 

fruit juices. 

Lead compounds released into the atmosphere in the 
cxhauM fumes of automobiles have produced abnormally 



LOVEUNC 



high concentrations of lead in the blood of individiials 

continuously exposed to these fumes for long fxricxls c>f 
time, but at yet there is no esublished instance of lead 
poisoning resulting dbccily bom this source. 

MIGSATION OF LEAD IN THE NATUKAL 

ENVIRONMENT 

Natural concentrations of lead in lead ore deposits do 
not nonnally move apptreciabiy in ixM-mal ground or 
surface water, because any lead dissolved from primary 
sulfide ore tends lo combine with carbonate or sulfate ions 
to form insoluble leadcarbonaieor leadsulCsteorebeto be 
adsorbed by ferric hydroxide. Me fi "lital disintegration 
and transportation of these insoluble lead compounds can 
remove lead from the surface of lead ore bodies and 
disf:>erse it to sornr rxrrnt. Lead can also be leached by acid 
waters, particulaiJy those that are nch in organic material, 
and travel in solution as soluble lead organic complexes. 
In this form it can be taken upby plants and enter the food 
chain, but examples are rare. In regions characterized by 
alkaline, neutral, or saline waien and soUSi naturally 
occurring forms of lead do not enter either water or plants 
except in very minute traces. Lead mmeials in a non- 
reactive host rock such as sandstone or quartzite have been 
known to dissolve in add waters in amounts toxic to 
vegetation in a small area, but there are no known 
ii vi nues of lead poisoning in hiHuans idsted to the 

natural cxcurieiice ui lead, 

ABUNDANCX OF LEAD IN ROCKS, SEDIMENTS, 
lOSSL FUELS, AND MINERALS 

The average abtrndaiwe of lead in the Earth's crust is 

approximattly 15 ppm (pans per million), which is 
equivalent to half an ounce of lead per ion of rock. The 
lead contents of the common rcxrk types that make up the 
crust of the earth range from about 30 ppm for granitic 
rocks, rhyoliie, and black shale to about I ppm for 
evaporite sediments, basalt, and the ultramafic igneous 
rocks such as duniie, which are rich in iron and 
magnesium and poor in silica (table 36). 

l"m onsolid.md t ontincntal sediments have a mean lead 
content very close to the mean crustal abundance of 15 
ppoi. but unconsolidated deep sea muds are appredably 
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richer in lead, ooniaining an average ol about 60 ppm lead, 
and concentiations as hi^ as 0.2 pcicent lead have been 

rr|x)rit-t.l in sedimenlft predpitated from hoc brines in ihr 
Red Sea (table 36). 
Coal cmtaiiu an aveiage lead ooncentnlum of about 10 

ppm, and pe(ml«im an 3\rm£;p of \c%% than I ppm of lead 
(tabic 36). Most ol the lead m thc&i' fowil hicht onientratrs 
in their ash when they are burned, although it has been 
estimated that during industrial burning coal may release 
as much as 6 percent of in original lead content into the 
aiffio^ilMfe. Pnnileuin ptoducea f» Ich ath than coal, 
and inoiiank constituents are much move highly 
concentrated in m ash. 

Although lead is a major constituent of more than 200 
known minerals (uble 37). most of these are very rare, and 
only three atv conunonly found in sufficient abundance to 
form minable Icacl dcixjsiis. These three arr galena, the 
simple sulfide of lead (PbS); anglesite, the lead sulfate 
(PbSOt); and cemmte, ttie lead carbonate (PbOOj). 
Galcnn is a rommon primarv ronsfitsient of sulfide orr 
deposits; angle^iie ajid cvrrusiie nonnally form by the 
OKidation of galena close lo the siu&oe. 

Lead is also present in tmcr amounts in many of I^lf■ 
common rock-forming minerals ( table 30). The amount of 
lead In any one of these minerals varies widely, and the 
greater the normal lead lontrnt of such a mineral, the 
grcatti iht obsfrvtil vai laiioii is> likely to be. For instance, 
potash feldspar (orthotlase or microdine) generally con- 
tains the most lead of any of the common silicate minerals; 
yet, whereas samples from one group of pegmatite dikes in 
Norway yielded 280 ppm lead, similar samples from 
another group of pegmatite dikes in the same region con- 
tained less than 10 ppm. The nunctmum amount of lead 
thi^ mineral can contain is uiiknuwn, but 2.800 ppm lead 
tm been reported in a sample of a green variety of micro- 
ciine called araaaoniie. 

Tlie i (iinmiin stliiaie tiiini i.iK foLind in ii;net)us rtx ks. 
in order of decreasing lead content, are ( 1 ) potash feldspar; 
(2) plagioclase feldspar and muscovite mica; (3) 
pvroxrnrs, am()fitb(jles, and lii<niie inita; and f1)(}tiartz. 
The common minerals of chcmitally precipitated sedi- 
mentary lodes (ealcite, dolomite, gypsum, and halite) all 
normally contain Ir^s than 10 ppm lend Thr lead rontent 
of the sedimentary day muierals is extremely variable but 
is commonly on the otder of 10-20 ppm. 

NATI7SAL ABUNDANCE OF LEAD IN WATER 

The co n cen t ration of lead in river water is low under 

iiJtiira) londitidiis fiahlt *?f>i Alihnusjh <;ninll amouni'. < if 
lead Hie widely distributed as a minor coiisiiiueni m ro< k 
and soil mmerals, lead is only slowly released by 
weathering prcKPsses. F.ven where the element i<. 
conceniraied in ore deposits, the low solubility of lead in 
water that ooniatns dissolved carixm dioxide species and 



has a pH near neutrality generally will ouintain concen- 
trations of lead in solution below a few tenths of a milli- 

gram per litre. The waterborne element tends to be 
compiexed by relatively insoluble organic matter and may 
also be eviracied from water by organisms. 

The median conrentraiioti of lead in river and lake 
water of the I'niied States is about 2 ^g/ 1 (imcrogiams per 
litre). Concentrations of lead in seawater range from a few 
hundredths of a microgram per litre (a value of O.OS /yig/1 
is widely quoted) in the deeper parts of the ocean basins to 
0.4 ^g 1 observed at several places both nearshore and far 
oflshore in surface waters of the Pacific Ocean. The higher 
nearshore and near-surface concentrations, however, are 
as<ribable to atmospherii lallout ol le.id (wrticles or 
washing out of such particles by rainfall. Concentrations 
of lead in rainfall over the United States have been 

rejxii ted to average !?4 fxg I o\ei .i 7 month period in 1966 
and 1967, with a median ralue of about 10 Mg'^'- When the 
distribution of sampling points isconclated with reported 
ronrentrations, results show strongly ihecficctsof ilMfalS* 

trial air pollution near cities. 

ABUNDANCE OF LEAD IN SOILS 

Soil samples collected iium luaiK a thousand localities 
throughout ihecontenninous United States ranged in lead 
content from <10to700ppmandhadameanleadconcen' 
trationof l6ppm(Shaeklrite. 197 1); only 6 percent of these 
samples contained mtue ih ui 30 ppm of lead I'table W). 
Many ol the soil samples with lead content in excess of 100 
ppm were obtained from localities in western Colarado, 
bui others came from widely v^itiered isolated sites 

Lead cunicnt of young residual soils is strongly 
influenced by that of the parent rock from which they aie 
derived; however, this relationship is modifie<l, and may 
be obscured. b> uthei lacioi^ ui iiuiutc soil.s developed on 
deeply weathered parent material. These factors include 
oxidation and reduction reactions, linking of organic 
compounds by lead ions (chelation), base exchange 
reai lions by clay, adsorption of lead by hydroxides of iron 
and manganese, local solution and transporutton by 
organic acids, and cycling by vegetation. In general, lead is 
num m()l)ile ill ,i( id soils itiaii in .likaliitesoils, tendinv; to 
be Icadied out of the former and to form residual concen- 
uratibns in the latter. Rebtiveiy high lotal-lcad oonoen* 
iratinns in alkaline soil may leflei r residual concentra- 
tion of lead in an insoluble form, which is not available to 
plants. 

UAD IN VEGETAHON 

I end occurs naturallv in small amounts in all plants 
(table 36). The concentration of lead in vegetation varies 
not only widi the individual species, butahoasacomplex 
fiinrtion of ( limniic variations, parts of the plant, 
composition of the soil in which the plant grows and of 
die rock fiom which this soil is derived* and finally die 
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C0ecis of artificial contamination of both the wztet ttai 
nourishes the plant and the air that surrounds it. 

Aiiumalously high concentrations of lead in plants may 
refleci natunU oonuuniiuuion Iiom lead dsposiu or ani* 
fiml txNdainnuMiaa of the pbni't environiiKnt by nun. 
Extensive analyses of plants from primitive areas, 
unaffected by either o< tlKse sources of cxmiaminatioci, arc 
icqiured«}estal^hnornullMclc{[;roundvaliie«forleadin 
natural \egetation. 

Median concentrations oi lead in the ash of uncon- 
BwninaHgd natural vegetation are highest for lichens ( 1 ,000 
ppm), an order of magnitudr lower in mosses f 100 ppm). 
about 30-50 ppm in evergreen uvv%, and abuui 15-50 ppm 
in deciduous trees, ihnibt and grasaes; however, all of 
ihoe tjrpes of vegMMion exhibit a wide lange in lead 
ooatent (caminonly ?.n otder of magnitude) on both tides 
of ihe median. The ash of uik ontaminaied domestic fruit 
and vegetable samples from the United Suies has a median 
tead content dtm ta 10 ppm. whidi is the lower Hmii of 
the analytical method. The observed range for lead in the 
ash of these foods is from <10 to 100 ppm. ilie lead 
content of ibcK plana CKptcMed in iby weight varies iram 
about one-fourth to \ps<, th in one-ienth ihel'-nr! i tnirentof 
the ash. Thui the highest observed Icad-in-ash content of 
i 00 ppm. for a tomato sample, corresponds to a dry -weight 
lead content of about 7 ppm and to a lead content for a 
fresh tomato of less than I ppm. 

Studies of seasonal variation in the lead content of trees 
suggest that leadconcentraiion is highest in cariy quwR ai 
die beginning of the growing season, declines during the 
sunnnrr tnd rises again in the fall. l ead .dso tends to 
concenuaie in certain pans of a growing plant. In trees, 
die hil^Ksi lead concenttationa are usually fiound in the 
older twigs: snmrv hat less lead o(f nrs in the voung twigs, 
seeds, and trunk wood, still less in the leaves or needle*, 
and least of all In the mots. On the other hand, lead 
conieni of the leaves of certain vegetables appears to be 
higher than that of their stems, and the lead in fruits and 
root vegetables is largely concentrated in the skin or peel. 

There appears to be a general tendency for lead to be 
mote abundant in pfani aib than in the soil, and moie 
abundant in the soil than In the bedrock, but there are 
many exceptions. 

The knowledge that certain plant species have the 
ability to absiorb anomalous amoimts of lead from lead- 
rich soils aitd their underlying parent materials has been 
used as a bfogeochcmical tool in prospecting for lead 
deposits for a quarter of a rrntiirv. These arntmtilator 
plants include ceruiiii >peties of both evergreen and 
deciduous trees, as well as many shrubsand smaller plants 

Contamination of food and forage crops by artificial 
lead compounds contained in inserticide sprays, 
automobile exhaust fumes, and industrial smoke is a 
matter of concern lo public health workers. Anomalously 
hi^ lead coikcentrations have been found in leafy 



vegetables and grasses grown in i>roximity to major 
highways, in crops gruwn un soil wnh a long history of 
treatment with lead-bearing insecticides, and in oafW 

LEAD IN THE ATMOSPHERE 

Lead enters the atmosphere largely in the cxhaiut fumes 
bom internal oombustion engines ami. loa lesser extent, 

from the smoke prtxluccd by large-scale industrial 
burning ol coal. Consequently (he lead content of the air is 
highest in urban Imhttthal areas and lowest in rural areas 
(table 36), The average lead roiufniration in the air of 
large metropolitan areas is about 2.5 fig in\ In rural areas 
it is less than 03 Mg/m'-TheanUHuit of lead present in the 
air at any particular pbwe varies with oaffic density, air 
lemperatute, and atmosfdicfic conditions. The lead- 
bearing panii les in (he air are heavy and tend (o collect in 
low areas with poor air drculation; lead concentrations 
greater than 40 ytg/m* have been measured in the air of 
•, rh:riil:ir tunnfls In spitr of this tendcriQ' of lead (O 
accumulate cios* to the gtouiid, (racesof i(cii(er (heupper 
atmosphere and are carried widely around the eaitfl to 
return (o (he surface in rain or snow, Tlie lead coTTirrM a 
snow sample collected in 1965 horn ihc Greenland ue rap 
was approximately OA fig, I of melted snow as compared 
toaboutOiK |ig/l in melted ice that bad formed in 1864. 

METHODS FOR DETECTION OF LEAD 
Lead may be determined in water, soil, and rock, and in 
the ash of plantt and organic fuels by a wide variety of 

methods. Tlie analytical methods employed for both water 
and solids in the laboratories of the U.S. Geological 
Survey include optical emission specnogvaphy and 

atomic absorption spectropho(ometrv In addition. X-ray, 
sjx ( iiographic, and colorimeiric methods are employed 
for the analysis of rock, mineral, and soil samples; elec(ron 
microprobe analysis of polished oie samples is used for the 
nondes(ruciive determiiiauon ol kad m high toiurn- 
trations in small mineral grains. 

Water samples are filtered to remove solid particles and 
are then acidified. In the atomic absorption method a 
lead-scavenging organic compound is first added to the 
water and then extracted with an insoluble organic fluid 
(methyl isobutyl ketone); this fluid is dien introduced into 
the flame of the atomic absorption spec trophotometer. In 
the emission spectrographic method, lead and other 
metals are fint predpitaied by addinga suitable reagent to 
the water sample. 'Jfic [ireripitate is filiere<i, dried, and 
iTitfoduccd into ihe art of the einiision spectrograph for 
the simultaneous deteiminalion of the metals present 

The optical emission spectrograph is the most widely 
used laboratory tool for cheraicalanalysisof solid samples 
iliat do not contain large amounts of organic carbon, 
because iliis method provides a simultaneous analysis for a 
laige number of elemenu on a very small quantity of 
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sample malrrial. In RNlline operation it will normally 
determine lead m concentrations as low as b ppm. SpedHc 
analyses for small traces of lead in such materials are made 
by the ainmii absorpiion method, whirh, in routine 
u(x'ratiuii, will give good icsults (or lead til itiiKHinu as 
small as 1 ppm, and, with spedalsamfde preparation, this 
caethod can be uwd to detect even wialler amounts. 
Cblorimetric meduxb with m leiiiitivitir lo about 20 ppm 
of lead are usnl for rapid field tcitt in nooRnaifiBnoegeo- 
chemical exploration. 

UNITS AND NOTATION 
The amount of IcsmI in nauinl maierialt isexpretted in 

(liff'Tein ways foi different substances by the authors of 
thu report. Lead concentiatians are generally rqiorted in 
the foUowing unitK 

Foi wam — 

l = miin:>gTams per Iilrc 
mg/ ■■milligiatm per litre 



ppb-p>ru per MlUon 

ppm=paiii ju r millioa 

US tpmuToitnims per 
<u tonaomaa pv ton 

For air — 

ng 'm*=runoRrai)n (x-t mbic mcur 
JIB rii>-'mitrot{ranM per cubic mrtir 
K ha=Rtjm> |j<t hcctaic 

Co«^*'iMon fdftors — 

I <Mf-\ nanoKraiii =0.00X100001 _ 
i IKS') n)>cr<]gnnfO.0M)00l gram 
I ing>l roilligranH>.O0l gram 
I ppb-l pMlpcT liilli(m«O.00O0OJ 
I null*! pan per millionK).OOOI 
I pM per ihi 

1 ai/iion>4l pm per MillianMUMn 

1 c/menie ton <i)>l part per million^MOl 

SymboU 

>«(firatct than 
olru than 
> ■affmnimaiely 
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By J. D. Hem 



The lonceiitraiiun of dissolved lead in most natural 
water syitona, which usually conoiui dissolved carbon 
dioxide and haw a pH near 7, it very low— cominonly less 

ihan 10 MK ' — partly Ix-caiisf k-ad combines readily with 
carbonates, sulfates, and hydroxides normally present in 
such waMn lo fonn co m pounds of low soluMlity. High I y 
saline uaters or strongly add waters may contain 
appreciably higher concentrations ol lead in solution, but 
such waias tend lo be very icstriclcd in disirilHitlbR. 

STABlLil V FIELDS OF INORGANIC LEAD 
CXNHVOUNDS DC NATDSAL WATEM SYSTEMS 

An <)5j[ 1 in. lini; ( fl iracteristic of lead is its tendency to 
form compounds oi low solubihty with the major anions 
of natural waier. The liydnMdde. caibonaie. sulfide, and 
more rarely, the sulfate of ]p:tt\ m r. ut solubility 
controb. Ovei mosiof the th-pH rt-gion, in which water is 
Stable at 25''C and I atm (atmosphere) pressure, the 
divaleiu form. Pb is the stable species of l«d. The more 
OKidued solid PbO>, in which lead has a H charge, is 
stable only in a highly oxidizing environment: thus Pb*< 
probably has very little significance in conuoUing the 
behavior of lead in aqueous geodiemical systems. If sulfur 
activity is \vt\ low . iiR'tallic lead can be a stable phase in 
alkaline or near-iKutral reducing conditions in the 
presence of water. 

Fields of stability for solid species of lead in the system 
Pb+H»0 ai 25°C are ihown in figure 1 . A dissolved activity 
of solute \i-.id sfjeciesof lO"* " mol I (equivalent to I g 
I) \%'as used to locate solid-solutr b<niritlarit s. nic stalnlity 
fields of solids in theEh-pH diagtaiii would be enlarged at 
the expense of the areas of Pb** and Pb(OH),~ if a higher 
dissolved lead activity were assumed. 

The boundaries in figure I were calculated from 
thenn<«lynamit data for lead assembled in table 1. The 
data were selected from published literature, mostly from 
the compilation of Wagman and others <I96R). The range 
of published free energy values is rather largr for v>mv of 
the !>pecies of lead important in this study, and the choice 
of values can influence stability and solubility 
calculations subsuntially. Standard Cibbs free rnrrgv 
values compiled in the National Bureau of Standards 
Technical Notes (Wagman and others, 1966} should be 



mutually compatible, but for a few df the lead spedes 
either no values aie given or values in other pubticatians 
appeared lo be in be^ agreement with the consensus of 

piiblishc-d solubility information. Free energy values (or 

PbS and PbCO» in uble 1 were taken from Robie and 
Waldbaum (1968) because they Mcmed ii»give solubilitkt 

luMtrr th'.,:r h 'itr ri by moct invcitigKia(a» as quotcd bf 

SiUin and Martell (1964). 

No value for the hydroxy-carbonate solid or PbSO^ aq it 
gi^en in either the compilation by Robie and Wakibaum 
ui liiai ui Wagiiuiu and uiiicrs. Ihe value given by 
Wagman and others for PbOH*^ is not compatible with 
stability data for this complex given by Sill£n and MaiteU 
(1964). The value chosen here is calculated bom a stability 
(fjiistant published by Fauthetre (1954), which asrees 
better with the considerable number ol values for this ion 
detennined by other investigaton. even though it was 
calculated at 20*C rather than 25'C. T\k- distrcfxincy 
introduced by this deviation from standard temperature is 
negligible. Faucbene's data were obtained for a solution 
of 0.06 ionic strength, and have been adjusted to zero ionic 
strength uMiig the Debye-Hiickel ecjuaticin. Faucherre's 
work also provided data for the polynuclear ion 
Pb4(OH)4*^ Latimer's (1952) compilation of free energy 
data gave a value for Pb(OH)^ nearly 8 kcal less negative 
than the one given in inMc 1. Hie rather w ide range in 
thermodynamic dau adds a considerable factor of 
uncertainty to the solubility calculations. 

The mixed oxidiePlHO«cappareTitly is less stableihan 
l'b(OH),c in the system specified for figure I and docs no< 
ap^K-ar in the Eh-pH diagram. The Pb(OH>2C value given 
in table I results in a large domain for this species in the 
Eh'pH diagram and almost eliminates the mixed hydroxy 
caifaimaie from consideration. The natural occurrence of 
this mineral, however, dcx-s suggest that the difference 
between the stabihiics of mixtures of PbCOs and Pb<OH)t 
and of the basic caibonaie likely tavCTS the basic carbonate. 
If the free energy value of Ljtimer is used for the basic 
C4»boiiaic, the species has a narrow stability field near pH 
8, and this field would be coiuidenbly enlarged if the 
carbon dioxide species concentration were assumed to be 
higher than the 10'' mol/l used in drawing the boundaries 
in figure 2. 
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Tlic sysicni specified for figure 1 is highly simplifircl 
To be more applicable to systems involving ordinary' 
surface or undergnMincI water, the effem of dismhwd 
carbon dioxide and sulfur sfXTics must hv included. If a 
lixed total ac iiviiy of dissolved carbon dioxide species and 
a fixed total activity of di«iolved sulfur speries are 
sprrifird, stability fields of lead r irlwin rf sulf ur, and 
stilfidt c^i) Ix-sbou n. Figure 2 is an Hi-pl Iduigtam foi iht 
system Pb-COi-HjO-S at 25*'C and 1 atm pressure. Total 
activities ol dissolved COt and iuib/r species are both 10 - ' 
molar. Areas of stability of solids and diesolubility of lead 
are shown in figure 2. Table 2 gives equations used for tlic 
solubility calculations in that part ol the diagram where 
PbfOH), c and carbonate or hydroxy carbonate ate 
dominLint. 

As specified here, the activities ol these dissolved carbon 
dioxide species do not necessarily involve a gas phase. 
Specifying a fixed partial prrssurr of rarbon dioxide, as is 
sometimes done in ^lubiliiy cakitlactuns of ihis lypt', 
lends to lead to a very high, probably unrcihstii: . concen- 
tration of carbonate in solution at the higher pH's. 

From figure 2 it is evident that the solubility of lead is 
very low (less than 1 iig/l) betwrni pH 9Ji and 11, and is 




Fwtist 1.— FieMt of snbiliiy far solids ipccies if, pancnwd) and 
dominaiK solute ifieda in lyiiMii PbtH|0 as lunctiom of pH and 
mliix iKMrniial. INHolved IctuJ aciiviiy lO-'-w n»il''l u SSi'C and 1 



Tabu i.—SUndmtd Cibbs ffer tnrt^iei of fomttion of Uai ifctti 
and teUud whites. 
|r, idii mm mt a m l>i<l 







SBtn»«l^w 


I'll' - ,1<1 


',M 


Wagnuin anO others ( 19^). 


PIjOU' .hi 


-.1.4' 


CialruUird Iram Fauctime <1%4), 




9y.S 


Wagmaii and OthBS (196B]l 


PUOIl H- mi 


-157.6 


Do. 




Olmhird bom FauchtnellflM). 


ft. a* *q 


-39.J9 


Waginan and oihm (19fk8). 


I'M I'aq 


-71.03 


Do. 


I'tAO, aq 


-187 38 


Calrulaird from KoliKoft, Petlich, and 




Wribtm (1942). 


PbOc' 


-44.91 


Watpnaa and odtcn (1968). 


no<* 


-45.16 


Do. 


Pb<OH), £ 


-108 1 


Do. 


PbS< 


-22 "ii 


Koliif and Wafalhum f IMS). 




-150.3 


Do. 


Pt>,i(»ll ;:lCO0H -409.1 


t .atimn* ( l^**''' I 


PbSt>, r 


-19436 


Wagman and oih<-r> ( I9<S8), 


P«>0»t 


-SI.9S 


Do. 


Pl.,0« C 


-113.7 


Do 


IlfO' 


-r>6.69 


Do. 


OH-aq 


-J7.59 


Do. 


HfSaq 


■SM 


Do. 


HS-aq 


tM 


Do. 


SO.-« 


-177.97 


Do. 


HSO,- aq 


-180.69 


Do. 


HA'.0, aq 


-H8.94 


Do. 


HCO»- .«! 


-140.26 


Ho 


COj ■' aq 


-126.17 


Do 



■Yfllofc 

•M 

4|JQ«M. 

also low in all strongly reducing systems down to pH 2. 
However, between pH 6 and 8 the solubility of leaid is a 
rather complex function of pH and total dissolved COt 

and sulfui siRcics. Lead (an Ix' relatively soluble in a 
dilute natural w ater below pH 6.5. In such a solution i( the 
activity of dissolved G0| spedes were lower than 10-* 

inoU<r. tht" le;id soluhilitv would Ix'tp'eattT than shown in 
the diagram. Some dUuic river waters thus couid be a 
lax'orabU' chemical environment for the solution of lead. 

Within the field of stability for PbSO,. the solubility of 
lead is a function of the total sulfate concentration. This 
control is most effective at rather low pH and when sulfate 
coniienuaiions are high. The dissolved ion-pair PbSO^ aq 
is not a dominant form of dissolved lead unless stdfate 
aiii\ir\ evded If)-- *- niol 1. In a sniuiion of this type 
ionic suength w ould be radicr high, requiring a stoichio- 
metric sulfaite conoenltation of at lost 500 rag/l lo 
produce the s[irrified .iriivitvof .SO-i' ions. The PhSO^aq 
complex diM-s uiduciue the solubility oi lead shown in 
fiiguie 2. however, and was taken into account in locating 
the solubility lines. The soluI)ilii\ of le.ul is neat 5rng i in 
inoM of the PbS04 c field; wuhui this aiea solubility is 
constant abo\e pH 2 because of the specified constant 
sulfur activity. Below pH 2 the lead solubiliiv inr reases 
because some of the sulfate is converted lo HSQ, at very 
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Fict nc 2.— Firlds ui uabiliiy for w»li(l» <t, |iailirtnnl| and w>lubilii> 
<j( Inxi in t>>inn PbHiOi-'Stll^ jl 25°C Mid 1 aun pfruurr. limit 
turiiKth 0.005. 

low pH. rndei rediMrtl conditions ihr stable solid is 
galena, PbS, which has a very low solubility above pH 2. 

Tlie lead solubilities and regions of stability of solids 
shown in figures I and 2 are derived from theoretical 
theinisiry. and certain variables are artificially fixed so 
that the results can be exprevsed on a two-dimensional 
graph. In effect, the defined systems retains only two 
degrees of frtrdom. Altliough some natural systems — for 
example, ground water in a minenilogically homo- 
geneous aquifer — may have constraints enough to 
conform to a simple equilibrium mcxlel, the usual river or 
lake water is subject to changing conditions that increase 
the number of degrees of freedom, and a close con- 
formance to ec]uilibrium is imusual. However, the strong 
influence on lead solubility of ihepH andalkaliniiy of the 
water may be reflected in analyses of river water, because 
the effec t may be strong enough to be discerned even if 
ecjuilibrium is not attained. .Although available data are 
neither entirely reliable not adeijuaie in (juaniiiy. the best 
current information suggests that many surface waters in 
the United States carry concentrations of le-.id in solution 
whose values are close to those piedic led fiotn solubility 
calculations such as those represented in hgure 2. 



Tahj 2.— Chemical eifuiltbria and lolubihty rqualioni for lead 
spettes m kydtostde and cafbonale domains 




tif^tnm 5n»IIT» nl ianUMM 



[Pb*'|H*|-' 


= 10 •••• 


CalcuUird from data in tabic 1 . 


[PbOH*|H+IPb+'l-' 


= 10 -• >' 


Do. 


(Pb<OII>,IH+nP»»*'l"' 


= 10-"" 


Do. 


(Pb<OH),-IH+nPb»'|-' 


= IO-»" 


Do. 


(Pb^OHV|H*l«lP'>*'l"* 


• 10 "* 


Do. 


(Pb*'IHCX), (ll'l ' 


= 10 


Do. 


|Pb.SO,ISO,-«|-'lPb*'l-' 


• 10 


Do. 


(IICX),-IH*|ll,C»,J-i 


• 10 -* » 


Cartel* and Chrui 1 1965). 


((X),-'IH|HCX),-|-' 


> 10-w-w 


Do. 


[H:<:0,1p<X),-' 


= 10 -"-«' 


Do. 



icn A- ,!H//M, l"t:"»-l ,[CO.-tl 
lco,.d,«=' "'thoo,- 700,-' 

fPb*» l |PbOH*|4fPh.(OH>.«M |Pb(OHh-| ^ 
^'*'»di»v'Ypb»i*7pb()H«*7Pb,(OHi.*« '»'*7Pb(OH),- * 
IPbSO.I 

Obtaining the solubility of Pb<OH), c by the use of data 
in table 1 leads to elimination of stability regions for 
several lead oxides shown in similar diagrams published 
by others. The field for PbO, is so small that it has very 
little significance, and it is not shown in figure 2. There 
are no areas of stability for the mixed valence oxide PbsOi 
or for the anhydrous PbO spec ies. The low solubility of 
lead shown on the diagram, however, is a function of both 
hydroxide and carbonate effects and is likely to be real. 

The basic lead carbonate Pb,(OH)t (COj)!. because of 
the rather low COr concrnlrution specnfied, has a small 
field of stability in the system defined in figure 2. However, 
there is only a small differeticie in free energ> of formation 
between the actual double comp>ound and a mixture of 
lead hydroxide and lead carbonate. The determination of 
which spec ies might be formed in the vicinity of pH 8 by 
precipitation from a supersaturated solution could be 
mainly a matter of relative rates of reaction. Whether the 
stable solid is basic carbonate or a mixture of hydroxide 
and carbonate, the calailaied equilibrium solubility of 
lead is esseniially the same. 

Other solids mentioned in the literature include 
hydroxy sulfates, nitrates, and chlorides of lead, none of 
whic h are stable in the system as defined. The solubility of 
lead phosphate is low enough to be a factor in some 
natural waters; generally, phosphate ionic species are not 
presc-ni in siiffic ient amounts in river and lake water to 
control the solubility of lead. 

Othei (>ossibly significant solute s(xxies of lead have 
Uen clescrilxHl in the literature. The chloride complex 
PbC^r will luii 1m- signific ant in snluiions having less than 
alniui 1,()0U mg I of chloride. It could Ix- a significant 
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factor in saline water A mnsideiable arnouni of data has 
been obtained on p<j|ytuiclear hydroxide cocnplexe» of 
lead such as Pb4(OH),* « and Pb,<OH« *> For the most put, 
such species have been studied in more concentrated 
solutions of lead than the upper limit represented in figure 
2. From the thermody-namic data il can be shovk-n thai 
polynuckar b]HkoKkte spedM are not dominant iacton in 
the aqueous chemhtry o(F lead unlen iheconeentnitkMi of 

lead ii over lO"- molar (Faucherrc, 1954) and oiIkt i 
complexinganion$.&ucha«sul(iiieandcbJorideaxeabsent | 
or in low conoentrairans. It seems icasonaUycemin that 
such conditions are rairly , if ever, attained in natural gpo- ' 
chemical systems. Carbonate complexes such as PbCOj aq 
may be imponani in tome nvateis but are noteonsidned 
here. 

EFFECTS Of TFMPERATITU AND IONIC 
STUtNGTH 

Except as noted, all the thermodynamic data in taUes I 

and 2 are for a teniperaturc of 25°C, This standard 
temperature is somewhat higher than that of most stream 
waters in the United States. At lower temperatmes the 

solubilities of nmsl minerals are smnewhat decreased. 
H<ywever, the solubility of some carbonates increases as 
lempentufededines. In a system having a OOt gas phase, 
the soltibiliiv of COj also increases as icmperaiurr Roes 
down and the diiisociation reactions are affected. 

Strictly speaking, solnbiUty cakulatiom made for 
are appl icable on ly to systenu at that temperature. Ii one is 
interested in testing a solution for adherence to 
equilibrium solubility at some other temperature, for 
example, at 5f, all the measuremenu on the system that 
would be affected by temperature should be made at 5*. 

and till iiMihs lompau-d with solubililv ( akulaliotis 
adjusted to apply at 3°. Approximate temperature 
corrections for equilibrium constants can be made using 
standard chemical thermodvnamir relatirinships. The 
alkalinity and pH measurements are seldom all made at 
the field temperature, however. Gonveiting such values to 
ones thai would repivieni some other tempeiatiire is no* a 
simple matter. 

AlkaliiK'earthmeial carbonates dc< re ase insolubility as 
tempetatuie increases. The effect of lempeiature on 
solubility of lead carbonate does not appear to have been 
( losely sludii-d. A few staliility constants quoted hv Sillen 
andMariell(l964,p. 140. 14 1) suggest thesolubiliiy of lead 
carboiuite may decrease with decreasing lempentare, but 
tenipetaiurc rffn ts do not appear to be large. Ii dws noi 
seem worthwhile to calculate the solubility of lead at 
temperatures Ix-luw 25° until moic study has been given. 
However, tlic effei I is prol)abI\ not vrr\' large between 25° 
and O'L., when luinpjicd to oilici (atiors that influence 
field application of solubility calculations. 

Solutions of high ionic strength may retain sub* 
stantially fflow kad in solution than do more dilute 



wafers Ion pairing effects also becorTir inrreasingly 
unpuiiani at high ionic strength. The cak uiauons given 
here do not apply to solutions whose toul distdved-soUds 
concentiation is much above 5,000 mg/l. 

INORC ANir C ONTROLS OF LEAD SOLUBILITY 

As noted earlier ui this discussion, lead forms carbonate, 
sulfate, sulfide, hydniwdtcompowidsaf low solubility. It 

is |K)ssihle lo show hy equilibrium solubility caknl itions 
(fig. 2) that the concentration of lead species in soludun 
should be less than 10 |sg/l at ordinary Eaith*sivfaice 
tpm{)ei3tures when HCOs concentration is 61 m^ i or 
more and pH is between 7.6 and 1 2.t). A great many natural 
siiilaie and ground waters a re in this concentration range. 
If the pH is constant and bicarbonate alkalinity is 
increased, the solubility is proportionately decreased 
throughout the pH range characteristic of most fresh- 
water. Calailations described by Hem and Durum (1973) 
showed that many river wateis in the United Stales have 
lead concentrations near the solubility limits imposed by 
their pH levels and contents of dissolved COz species. 

The cp mp a ris on of observed lead concentiatitms %nth 
theomirally ralrulated ones ran ne^rr be expf't ted to give 
nwre tfian a very approximate iiidicatrun of what is 
happening in river water. The influences of changing 
temperature and pH on solubility may be substantial. It is 
not unlikely that apparent supersa titration could occur, 
perhaps as the result of kinetic barriers to crystallization of 
small particles. Close adherence to a solubility model can 
be expected to be rare or nonexistent; however, some 

waters ha\e a s<j much greater capacity for lead solution 
than others that even a exude model can be useful. 
Although many watetido not have sufficient contact with 
lead compounds to beable to aitiii^ s.uur.trii.ii, rh*^ oppor- 
tunity for such oonlact is particularly favorable in 
urbanized areas or wherever there is heavy automobile 
traffic and extensive utilization of leaded gasoline. In such 
areat, ihc tauifali ilscli, aluiig wuh dry fallout of 
particulate material from the aimospheie, can supply 
enough lead so that siiifaoe rumifi icaduiig streams oiinld 
contain substantial amounts— enough to reach satura- 
tion at times 

Lauus, Lorange, and Lodge (1970) cakulaied that as 
much as 1S6 gof lead is deposited by rain&tll per month on 

each hectare (10' ni') in some parts of the northeastern 
United Sutes. If the runoff in such an area is at a rate o{ 
about 50 cm <rf water annually (a commtmly obsetved 
rate), the runoff would have to have ir. :tvprage lead 
conccntiauon of 330|*g 1 to remove lead at a rate of 138g/ 
ha/mo. Higher or lower concentratioru could be 
calculated for other areas and conditions. This figure for 
average concentration does indicate, liowever, thai a large 
IKiiential supply of lead is available for transport in 
runoff. Concentrations ashighasSSO M/loouldbesuMc 
in vniier havingapH Marfi.Saiida&^caHiib)rof aboiKiS 
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mg/l HCOs. Water having that propeniet i« couimon in 
nmoff 6mm atm itt New York and New Engta^ 

the potrnn i) for high lead concentrations inrivrr nnr! lakr 
waieii doe> cjusi in tome places, and careful itMjn i lur i ng < >l 
river and graund water quality is desirable. 

In lome other areas ihecoinposition of runoff water will 
be less fovonble for lead solution. In many places the 
average pH and alkalinity are so high that less than I ^g 
of lead andd be retained in solution at equilibrium. 

The most comptefaensivr data on lead concentrations in 

river water of the United States are incluckdin a report Jby 
Dunun, Hem, and Heidel (1971). However, their compila- 
tion does not indude eidier the bkaibonale or pH deter- 
minations needed to apply solubility calculations in 

ic-stiiig for adherence tu equilibrium conditions. Some of 



the sampling sites were points at which pH and alkalinity 
measuremeni* are tcgtdariy made, and some apfdicabfe 

mrr iirrmr nts were found in the compuicr-euinddantfar 
water quality Stations, 

Of the 720 samples olMaiiied for the Durum, Hem, and 
Heidel study, 70 could be correlated with applicable pH 
and alkalinity determinations that had been made either 
on a sample obtained the same day as the sample for lead, 
or on oneobtained within a few days, if the composition ol 
the source was idaiively oomuuit (as in huge lakes, for 
example). Lead wras detectable in S9 of thoe sampla. at 
ftho«vn in table S. 

This table gives a calcubied lange of lead eonoenifa* 
tion for each sample, hrt^^i on pH and alkalinitv Tlie 
lower number is thesolubiliiy m a very dilute solutiun; ihe 



I amx S. — Otaervtd and ctkukMd utlutation concrrtlraiium u! lead m I S surjace waters tottetted during October and Sovember 1970 

[MaMM In Ounioi. Hrm. ud Htidri. \91\. and iiniAtafcwt USGS «nd»| 
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higher repri'Sfiiis ihe effcfi of incTeased ioni» sirengih. 
TempcxaiUK dtecte are not direcdy reconkd. but will 
generally have the cffm fif slightly decreasing the 
solubility of carbonates as tempt laitin dt i u-.ist-s. Most 
iample» piobably were 10'°' 15° ctioler than the standard 
25^ used in the calculationi. The influence of tempera- 
ture on lead solubility in iheae •ystems needi more 
investigaiiui). 

Of the 39 cuncentraiiuns of lead determined, 12 are 
within the predii ied solubility range aiul an .iddiiional 10 
ate leaionably tlove (within a fa« lorof 2; lo up[>et or lower 
limits. 

The po««iblr experiroenul and sampling ciron are 
probably enough to explain these disorepandes. Tlie 

remaining 17 samples include 15 that are wi ll Ixlow 
saiuiaiion, a condition to be expected in a iiigh per- 
centage of the samples, owing to ladi of suff idem oppor* 
tiiiiiiv to dissolve lead. Then* were only two samples in 
which a sub&tantial degree of stipersaturation 
fx cur red— one from the Mississippi River at East St. 
Louis, which wa.s sanjpin! durint; a hish •n.\v;f and tnav 
liave been carrying colloidal paiticulaic Ic.id dial tuuld 
pass through die filter used in clarifying th( s<iiiiple. and 
the other from the Sania Ana River below Prado I>am. in 
the Los Angeles area of California, where lead fallout rates 
are probably very high, causing a situation also con- 
ducive lo accumulation of colloidal particulate lead. 

The principal value of these solubility calculations is in 
the aid thcs give to undcrstaiulint; die ftt -,h\vat('r |)aii of 
the gcuchcmical c^cle uf lead and in the suggestion thai 
hazwds of increased lead in water supplies may be most 
s( \('t(' in ai( a-< wheri' nitYolf has both a rdaiivrlv |r>\^' 
dibMjlved-solids Lun«.einraiion and a low pH. It is not 
intended to imply thai (he ef|uilifaritim aspectt ol lead 
t heini^iry are the only important ones. Factors not con- 
sidered here may be operating to prevent high lead concen- 
trations from being reached in solutions that .m Ih low 
saturation. However, until more evidence is obtained that 
such factors are preventing lead from appearing in runoff, 
ii >t ( ins iih\ icnis di.ii Uwi] < oiuriitraiioinsin river and lake 

waiei requiti c lo-,c- aUmiuin. 

NONSOLUTE LEAD IN WATER 

A significant fraction ot tht lot d loineiH of Itadtaiiied 
by river waier may be in an undissolved state. This 
nonsolute lead can consist of colloidal particles in a 
hydrosolic suspension, a characteristic form of many 
metals having sparingly soluble hydroxidts li may also be 
piesent as larger undissolved particles of lead carbonate, 
oxide, hydroxide, or other lead compound, and can be 
incorporated in other compxjnents of the |>articulate lead 
of the runoff, either as sorbed ions or as surface coatings on 
sediment minetal partides. It can also be carried as a part 
I >f I » ganic suspended matter in both living and nonliving 
forms. 



The concentrations of lead usually reported represent 
an arbitrarily defined solute fraction, separated from the 
nonsolute fmction by filtration. Most filtrarton 

(t-i hnif|u{-s c annoi Ix- ii lird upon in n iinnc ail colloidal 
si/e |>at iirles. and on acidification of the filtered sample, as 
usually is done for preservation before analysis, the 
cri!I()(d d material that passed through is rli'isol\ f>fl :mc\ h 
rcpt>iud 111 jhai form. IHually the solids removed troni a 
surface water sample by filtration an lux analyzed for lead. 
Exceptions are the analyses reported for rivers in the USSR 
by Konovalov, Ivanova, and Kolesnikov( 1968), for which 
the only determinations of lead were on material removed 
by filtration. Their assumption appears to have been that 
solute lead was insignificant. Samj^es of ground water are 
ncji generally filtered before analysis. Content of colloidal 
material in such waters is probably itegligible, however, 
owing to natural filtration effects during recharge and 
movement through the aquifer. 

Even the lead in rainfall can be mainly particulate. 
Samples of rain were collected at the U.S. Geological 
Survey in Menio Park, Calif , during the period 
January-April 1971. Filtration through iiHiiibranes with 
0-10- ;im-diamettT pores removed as much as 90|x-rcenlof 
Ihe lead. Several samples of runoff from a small stream 
iliaining part of the dtyof Palo Alto, Calif., were collected 
during this |x-ti<>4l Om of iluscdiiitaiiiaiPO loflead, 
about 90 percent of which could be removed by filuaiion. 
The sediment containedO.il percem lead. 

Koppand Kroner ( 1970. p 1 1 1 k |H)n( d lead in only .Sof 
228 iKimples of suspended material obtained from 
composited river and lake samples. In one of these, 

hnu'cvrr. thr ronrrnrralion wascquivalCRt tO 120 |ig/lin 
die tjtigjuai toni|xibUe. 

Dry atmospheric fallout of lead was measured during 
May and June ol 1971 at Menlo Park, Ciilif. These 
measiirentents were made by exposing, for 1-2 weeks on 
(he building roof, a large shallow polyethylene container 
in whichdisuliedwaterwasmaintainedatadepthofafew 
centimetres. The water and sediment accumulated were 
then analyzed for dissolved .nul p.ii ii( iilaie lead- llu's 
particulate fallout consistently conuined 0.09 to about 
0,10 petvent of lead, and tlie iallout rate of lead tanged 
from .80 to 66 g ha tno. No measurable amount of rain fell 
during this period. Rates and composition of fallout 
obtained in this set of observations are similar to those 
re{xirted earlier by Chow and Earl (1970) for the San 
Diego, Oilil., area. 

Before a meaningful estimate can be made of the 
eiteciiveness of runoff in transporting lead auray from 
areas where it has been de{K>sited by atmospheric fallout 
and lain ii will be necessary to obtain more information 
on the amounts of lead transported in nonsolute form, 
especially during periods whoi rtmoff rales are high, as 
u ell as corresponding information on the amount carried 
in solution. At prc*seni such data are almost totally 
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nonexi»ieti(. A laboratory' s(u>l\ of soipiion of Irad by 
cation exchange (Hem. 1976) induatttl that a majur part of 
the lead in sireani water may be adsorbed on impended 
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ORGANIC CHEMISTRY OF LEAD IN NATURAL WATER SYSTEMS 



By R. L. Wershaw 



Natural soil-water and sediment- water sysiems are 
ocdcinely compkk, coniistinf of a myriad of in^ 

organic and inorgani< <cMn|x>nfnu. In this srction we 
shall be concerned with the interactioa of one of the 
inoiinic oonpoMmB. kad. widi the oqpmk 
componpnts of these svstfrns. 

The oiganu ( ocnponents oi a soil-water system are an 
extremely diverse group of compounds (Saxby. 1969), 
including carbohydrates, amino acids, phenolic and 
qutnonic compounds, organic acids, nucleic acids, 
eiuymes, porphyrins and other heterocyclic compounds, 
lipidik lopiaoidi, and humic materiait. (See Saxby. 1960; 
Sfsakhov and Spadchova. 1970; Greaves and Wi1»on, 196% 
Kcmalcnko and McRcrrher, 1971; Ivarson and Sowden, 
1969; and Kononova. 1966, for more complete discuMions 
of the orsanir compound* in aofb.) 

In adc'rri :n rn 'hr n itural organii compounds jwesent 
in soil, !>trcams and lak» coniam organic sediments and 
suspended solids thai haw been derived fiooi anunicipel, 
agricultural, and industrial u-astrs Thrsf wa^tpsarrmade 
up of carbohydrates, proteins, nucleic acids, enzymes, 
lipids, and many of theotfaeroiBaiiiccaiinpoumbof Uvtag 
Sfuems. Oils, plasticizrrs, pol^-men, and an cnomoas 
number of odier organic ctmipoiindt are diidiaiged lo 
natural waicnvayt hf manufacturing and chnmical 
industries. 

Tlie interaction of lead «rith die organk componentt of 

soil A iti r ind sediment -water systems is still not well 
urxlersiood, but we shall revitrw the work that has been 
done and attempi lo dnnr what conclusions we can bom 

the rtnt i t', iilable 

A number of studies, haw shown that the organic niaitfr 
of soib and Micam sedimenu apparently binds metals and 
reduces their mobility. However, as Mortensen (1963) has 
piointed out, although many workers have suggested that 
soil organic matter forms complexes with metals, and that 
these complexes are important in soil fatmation and plant 
iMstrition, the evidence for existence of metat-soil organic 
matt'T j^nplcxes in naiinc is l.jii;flv ( in iimsiantial. 

Although a relatively large number of publications are 
avttifeiMe' ori' the interaction of metals with oiiganic 
mawriah nf soiN and waters fsrr Mortrnsrn. 196*?: Saxby, 
t96i9), very few of the papers have dealt with interactions of 



lead and otgmic material, and of these, most have been 
conoefned with lead in wii>waicr tyMcimi; there are vtxf 
few on the interaction of lead with otganic inaicriali in 

streams atxl lakes 

SURFACE WATER-SEDIMENT SYSTEMS 

Herrig ( 1969) and Hellman ( 1970a, b. 197 1) have Mud>ed 
the heavy metals in the waters and sedirr>ents of the Rhine 
River and iu tribuuries. Herrig found that bothiiKH:gank 
and organic lead compounds were being introdiKed into 
rivers as indiutiial and municipal wastes; the most 
axumon of these were lead oxide, metallic lead, lead 
sieante, lead palnritaie and tetraethyl lead. Much of this 
lead was concentrated in the su^jx-nded and bottom sedi- 
menuof high organic content. The sediments were more 
eftective in removing lead than in removing ct?ppcror zinc 
(Hellm.in !<>70a). 

Ilie icdirncnu of the lower Rhine amuiined about 10 
times the amount of heavy meuls found in those of the 
upper Rhine and its tributaries. I>ead ronrcntrations as 
high as 0.2 percent were found in some of liie ^diinents; 
high hea\7-metal ( oncentiatioas in the sediments were 
associated with high oononnations in the river water. 
The high concentrations are orders of magnitude higher 

than the natural background levels and can only be due to 
mimicipal and indusuial pollution. The high 
concenttation of lead in sewage sludge indkatts that 
municipal waste can be a major contributor >r irad 
pollution in some streams (Gross, 1970). Even tisough the 
sediments remove huge ciuantities of heaty. taietkls fthm 
the water of rivrrN. they are still not effif ifnt enough to 
totally decontaminate the water, and therefore the river 
water often contaiiu high heavy-meidl <k>ncentratioaa. 
Hellman (1970a) measured lead concentrations in the 
water as high as 85 MK^I> ^d the average for the length of 
the Rhine river was 51 MS'^'- 

The lead in the oiganicoampoiients of a scfUment enim 
the sediment tram two soimres: ( 1 ) The pkmt ahdaitinttl 
remains th.ii provide ihe ornarut (Oinpounds to the 
sediment, and (2) the water that cOmcs ioiaoMitact with 
the sediment. The* chdarinn of lead by the cheiriieal 
components of li^in^ organisms tends to cause lead to 
accumulate in living tissue (Mad/sin and others, 1969; 
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Danielson, 1970; Bryce-Smith. 1971). I his accumulation 
of lead is no doubt a major source of lead in ovgantc 
sediments However, both ihv orpanir and inoiiE^nic 
components of sediments will alvo uiiiuve lead from 
water. Itienefoie. as has been pointed out by Hellman 
(1970a), organic sediments will tend lo decontaminate 
surface waters contaminated with lead and other heavy 
rtK'ials. However, one must also rcmembt r ihat srtliinciiis 
will tend to supply lead to waters with low lead 
concenttaiions in order to maintain chemical 
equilibrium, flit icfun , rwn if the 1' iid pollution of .i 
surface water were to cea&c immediately, the sediments 
would continue to supply lead lo the water and lo iu fauna 
and flora. 

CHEMISTRY OF THE INTERACTIONS 

Saxby (1969) has reviewed the liieiature of metal* 
orKanic chemistry in the Rcochemical cycle. He found that 
lead has been detected in the carbcmaceous fractions of 
soils, coals, petroletun. bituminous rocks and asphalts, 
shales, scdiinentary sulfides, and phosphate rocks. In 
general, hftwevcr. very liitli is known about the molecular 
associations of metals in geulogiad materials. Therefore, 
in our discussion we shall have lo draw heavily upon 
studir s ih.it have been made on svmln iit ()»^;iiiif systems 
and niitiically important biological systems; however, the 
general chemical principles elucidated in these studies 
should also hold tnir ffvr natural soil-watrr s\<,irrns 

Two differerti types oi organic lead coiiipouiid<> may be 
found in nature: (1) the so-called organo-lead compounds, 
in which the lead is covalenily bonded to carbon atoms 
and the metal complexes, and (2) chelates, in which the 
lead is ionically bonded lo organic ligands. 

Lead normally exhibiu both divalent and teu^vaient 
states in organic compounds. When lead is covalenily 
bonded to (arhnn it is t;( in rally more stable in the 
tetiavalent state; relatively stable divalent lead derivatives 
ate known, however. (See Shapiro and Fiey. 1968. for a 
morr complete discussion of lead bonding in oiganic 
compounds.) 

Covakntly bonded organo-lead compounds in natural 
systems undergo slow oxidation by air and photolysis 
when exposed to light. Most of these compounds except 
those in which the lead-t7irl>on bonds are hit;hlv fM>l ir, 
such as the perfluotoalkyl lead compounds and RsPbX 
and RiPbX compounib in which X is an anion, are not 

hydroKvc-d by water. In coordination compounds, sue h as 
metal complexes and chelates, ionic lead is normally 
divalent; however, OTRano-leadcatiinis in which die lead is 
tetr;nrilf nt mav also be complexed by organic ligands 

Most of the detailed studies on die complexiiig of lead 
and other metals by organic ligands have been conducted 
hv htof hrrni'its nn rhr i-nmpanmts of living systems; the 
same iigands however are pit . sent in the organic material 
of soils, natural waters, and sewage effluents. 



Lead is geneially most sttuiigly bound lu suUur 
containing ligands and 10 phosphoryl groups (Passow, 

1970) , but it also forms coofdination bonds with other 

ligancb. 

Vallee and Wacker (1970) have reviewed the chemistry 
of metalltqjroieins and have pointed out that lead interacts 
with proteins and enzymes by binding locarboxyl groups 
or <iulfhydryl groups. I he binding f)f lead and other heavy 
metals to a wide variety of enzymes inhibiu the activity of 
the enzymes (Moirow and others. 1969; Hemberg and 

Nikk.inrn, 1970; Vallrc and Warlct-r. 1070), la' and 
Manning (1953) have demonstrated that, in general, lead 
forms more stable complexes with proteins than do 
cadmium, zinc, or copper. 

1 he hiiiding of lead to enrymes and the consequent 
inhibition of eiuymatlc activity will undoubiabty affect 
the biological reactions thai uke place in streams, soils, 
and sewage treatment facilities, but unforiunatefy there 
are very few data on the interactions of lead with soil and 
water biochemical systems. However, the poisoning of 
enzyme systems in natural waters by heavy metals can be 
expected lo drastieally alter the rates of deoxnpagition of 
organic wastes in these systems. 

Heavynneia] cations nuiy imt always act as enzyme 
poisons in soil systems I..idd and Bntlrr (1970) ha\e 
sliown that divaknt cauotis ate etfeelive in redut itiK ilje 
inhibition of the etuyine protease by humic acid It 
appears that the humic acid binds lo the enzyme, thereby 
preventing it from combining with substrate. If metal 
rations are present in the system, active sites on the humic 
acid will appatendy preferentially bind to the cations and 
be iinavaibible for binding the enzyme. Lead also interacts 
uiih ]>olynucleotides and \irus<s Lead ions will cause the 
depolymerization of some polynucleotides such as 
ribonucleic acid (RNA) (Farkas, 1968) and 
deoxyrilHtnucIcic acid (Eidihi rr. !'»fi2; Izait and oiheis, 

1971) . In ihedepolymerization ui RNA itappors that the 
lead binds the plwBphate groups. This neutralizes the 
charge on the phosphate groups and renders the phos- 
phodiestcr bonds moic :>usceptible lo hydroly.sis by 
hydroxyl groups (Farkas, 1968). In the binding of lead to 
tobacco mosaic virus molecules the lead may displace 
protons of the hydroxyl groups (Fraenkel-Conrat, 1965). 

In n ammo acids, in more complex molecules con- 
taming a amino acids, and in molecules similar to 8> 
hydroxyquinoline and quinoline acid, lead and many 
other metals form fi\e-membered chelate rings with 
reactive ligands. Charles and Fretser (1952), in iheir work 
on five>membered dielate rings, have meastired die 
stability r onstants of lead chelates of o-aminophcnol and 
c amuioiKiutnethiol. Their daia indicate dial the order of 
drci e.isiiiK stability for metal o-aminophenol is as follows: 
Cu, Ni, Zn, Co, Pb; for o-.iininolK-n/etieihiot, how e\er, ihe 
order is Cu, Ni, Pb, Zn, Co. Lead forms more stable 
complexes with o-aminobenieneihioi than with o- 
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aminopbenol. apparently because the lead-suUur bond is 
stronger than the lead-oxygen bond. 

Other groups of cx>mpounds such as carbohydrates, 
carboxylk adds, lipids, phenott, and oxy^naied 
isoprmokh that have electron donor ligands similar to 
tho>f of (lie jiroii'ins mcniioncd above would also be 
expected to complex lead. In this regard Hoogeveen ( 1970) 
has demonstnted diat lead is bound by phospholipids. 
Martin, Frvin, and Shepherd (1966) and Martin and 
Richards (I'Ji^^) have shown that copper, unc, iron, and 
aluminum form complexes with soil polysaocharides. 
These metal-polysaccharide complexesategfnerally more 
resistant to decomposition in soils than are uncomplexed 
polysaccharides. Although there are no experimi iiial dat.t 
on lead'polysaocharide romptexcs in soil, one would 
expect them to have pru^x-rties similar to those of other 
heax-y-metal polysaccharide complexes. 

It is well established that soil humic materials such as 
humic add and fnlvtc add form complexes with metals 

(Kotiono\a. 1966). .Mcksandrova (1967) has classified ihc 
interactions of metals with humic maicriaU into three 
categories: (I) Fotmaikm of heterapolar salts (an ion 
exchange phenomeiran between strong liases and hum it 
maieriaU), (2) formation of coordination complrxes, (H) 
fonnation of adsorption complexes with nonsilicate 
sesquioxides (adsorption of humus on sesquioxide gels). 
Most of the interactions of lead with humic materials thai 
have been snidied fall under the second caicg^. 

Uutni( r<f ids and ful\i( adds form 'vtablr romplexes 
with lead (II) ions and other metal ions; ihese complexes 
may be separated from a mixture of humic acid or tidv u 
acid metal complexes by gel permeation chromatography 
(Mikke and Kleisi. 1965: Kinrking and Mucke, 1969). 
ThetelcMe, it should be possihlr i isolate intact, hiimic' 
metal complexes from soils .imi .'H'dimenis. 

Bondarenko (1968) found thai the presence of ful vie add 
m water increased the rate ofsolution of lead sulfide 10-60 
times over a water solution at the same pH that did not 
contain fulvic add. At pH values near 7. soluble lead- 
fulvic acid complexes were present in wilution; at initial 
pH values between 7.4 and about 9, die lead-fulvic 
complexes partially decomposed, and lead hydroKide and 
carbonate were precipitated. At initial pH vahirs of about 
10, the amount of lead-fulvic acid complexes again 
increased. Bondarenko (196B) attributed this increase to 
di^snrintion of phrnolic KToups at liii^h pH values, a 
phenomenon which mcieases the toniplexing capacity of 
the fuhric add. 

In addition to interactions in which a lead ion is bound 
by a single organic molecule, a single metal ion can be 
bound by two different organic molecules. It has been 
demonstrated, for example, thai polyvalent cations act as 
bridges between clay minerals and humic and fulvic acids 
(Greenland, 1971). 



SUMMARY AND CONCULSIONS 

The complexing of lead by most of the common sulfur-, 
phosphorus'. <Htygen- and nitrogeti-containii«g ligands 

means that lead will accumulate in both the living and 
nonliving organic components of soil-water and 
sediment-water systems. The living and non-living 
organic components are not independent of each other, 
but are comtantly interacting, as the living components 
meiaboli/e the nonliving components of the system and 
then die, contributing their remains to the pool of tion- 
living compounds in the system. Some of the lower forms 
of liff an- ( onsmiifd in dip prcKess by the higlx r foinisof 
life and in this way chemical elements from the setliments 
are introduced into the food chain of the system; this food 
chain oftrn rnds with rn.m. Thefaieof hen \ nirials in this 
jjrmess has not beeti elucidated; howtvti, ihc sedimeiii ui 
a contaminated sitfboe-waier bcxly will serve as a large 
reservoir which can provide lead .md oiher metals to the 
biota of the system even after heavy metal pollutants have 
ceased to be introduced into the system. Unfortunately, in 
the case of heavy meials, much more attention has been 
pa id to hc-a vy metals dissolved in the water phase of surface 
vsatf r than to iJic romplexed metals in the sediment phase 
which, in general, probably contain a considerably higher 
amount of metals than the water. The sediments will also 

art as a reser\oir for providing dissolved heavy metals to 
the water when contamination levels are low. 

High concentrations of lead in soils aitd sediments wilt 
have a marked effect upon enzyme systems, arting in some 
instances to reduce inhibition by other compuiR'ii(.s ui the 
systems. The alteration of theactivity of some of the most 
basic components of living systems is certain to have a 
profound effect upon the biological and chemical pro- 
cesses taking place in natural systems. 
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raSTRIBUnON OF PRINCIPAL LEAD DEPOSITS IN THE CONTINENTAL 

UNITED STATES 



By A. V. Heyl 



The principal lead deposiu tn the continental United 
States are shown in figure S. Most of the deposiu and 
dc positional districts are located within a few major 
lectoaic andgoignphic regions of the United States. They 
ate, ftmn can to west, ( 1 ) the Apgialachian foldbelt (Blue 
Ridge, Ridge and Valley, and Piedmont provinces) 
extending from Maine to Alabama; (2) several low domed 
uplifts within the littk-ilistiiilxd craton of the greater 
Mississippi VaHe>- (Central LowIanJ); (3) ihr Ouachita 
Mountains foldbelt (Ozark Plateaus) of Arkansas and 
CNclalMMiia; (4) the Rocky Mountains belt from Mexico 
and western Texas not th ward to western Wyoming and 
eastern Idaho (Middle and Southern Rtxky Mountains); 
(5) the Cordillera, which includes the Basin and Range 
pravince of New Mexioo, Ariioiui* Nevada, weaiem Utah, 
southeastern C^Uforoia. and southern Uidio, as well as the 
Siena \t ida, Oregon Plateaus (Columbia Plateaus), 
Northern Rocky Mountains, and Cascade Mountaitu, and 
the main mouniain langes of Alaska (Pacific Mountain 
System); and (6) the Pacific foldbelt (Pacific Border 
province), which forms a nanow band in western 
Gaiifomia. 

The dcfxisKs in the Mississippi Valley region (Ceniial 
Lowland and Ozark Plateaus), Rocky Mouniain belt 
(Northern and Southern Rocky Mountains provinces), 
and the cofdilleia (Basin and Range province) are the 
largest in the United Slates and have proiduced most of the 
commercial lead during the history of the United States. It 
is wonliy of iMte. however, that the aaual areas of lead 
deposits in these duee regions are so small that even if all 

are taken into account thev prolxibly would not markedly 
increase the total crustal abundance of lead within these 
three regions. The deposits outside of these three regions 
are locally n«imi»miis. but they have not been nnvor 
commercial sources of lead. 

Lead is commonly associated vrith zinc and silver, and 
less conunonly with gold, copper, fluorine, barium, 
cadmium, antimony, bismuth, and arsenic. In most 
dbtricts lead is sufaoidiiuite to tine in total tonnage. The 
most noiaUe exception is the southeastern Missouri 
duniet where lead it far nuiie abundant than cine (fig. 3, 



loc. 1). This distria has been our nMqqestniice of lead since 

die 1870's. 

Most of the major districts in I > <h dso have moK 
abundant lead than sine and silver has been a nugor 
byproduct. Likewise, In the Coenr d'Alene district of 

northern Idaho (fig 3, Joe. 3), which dominates lead 
production in the West, total lead productionalsoexceeds 
thatof line; this district is also die major sotnceof silver in 
the United States. 

Silver IS associated widi lead iii must deposits in the 
western Stales, the quantity ranging from a minor 
byproduct to a major value of the ore Many of the lead 
deposits mined in the foldbeliA of ilie yjutficni Rocky 
Mountains and in the Basin and Range region of the 
cofdilleta during the 19th and early 2Qth centuries were 
oxidised silver^enHdied deposits worked mainly toe their 
silver content. 

The deposiu in the A^Milachian foldbelt (Blue Ridge, 
Piedmont, and Ridge and Valley provinces) are mainly 
zin( or cop{>er-/inc deposits with relatively minor lead. A 
few of the largest deposits, such as the most productive zinc 
deposits in New Jeney. Pennsylvania. Maine, and east 
Tennes.vee, are almost free of lead. A few dcp>osits, such as 
those at Edwards and Balmai, N.Y. (iig. .1, loc. 3), Blue 
Hill, Maine, and Austinville, Va. (fig. 3, loc. 6), contain 
enough lead to provide a commercial byproduct. 
Hundreds of other small deposits that contain lead are 
known ihioughout the Appalachian foldbelt. 

The deposiu in the Ouachita Mountain belt (Oiark 
Plateaiu peovinoe) have also praduoed mainly zinc in the 
past, and lead is locally oidyabimdaitt enough to provide 
a minor byproduct. 

The coidillera and Rocky Motmtain belt (Basin and 
Range and Southern Rocky Mountains provinres) contain 
many silver- bearing lead and lead-zinc deposits, and local 
concentrations of deposits are widely scattered throughout 
these regions. In the southern Rocky Mountains they are 
most abundant in the Colorado mineral belt (fig. 3, loc. 9), 
the San Juan Mountains, Colo. (fig. 3, loc. 10). and the 
Wasatch iUmge,northctn Utah. In the axdiileia, deposits 
are scattered throughout the Basin and Range and the 
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Nonhetn Rocky Mountains provinces^ but die greatest 
«oneenintio«s are in northern Idaho and adjacent eastern 

Washington. Similarly thf wide loidillera belt that 
extends northward and wesiward through Alaska (Pacific 
Mountain System) oxilairu tnoBt of the lead deposits 
known in that State. 

Very few important lead-bearing deposit!* occur in the 
pan of dK TkUk foMbeh within the conieimtnoua 



United States (Cascade and Pacific Border province), 
although potentially important deposii4» are common in 
the Alaskan part of the Pacific foldbelt (Pacific Mountain 
System). Zinc deposits containing some lead oci ur on 
Sania Cat ilinn Island and in other parts of southern 
California, in the Shasta copper district in northern 
California, and in Lane County, Oreg. 
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MIGRATION OF LEAD DURING OXIDATION AND 
WEATHERING OF LEAD DEPOSITS 



By LvMAM C Huff 



I ( 111 r!rj>,,Mt lite dp[XHits of othrr ore metals, 
conunonly are surrounded by a zone in which the earth 
maMtials aie enridied with the an metal. During the 
oxidation and weathering of lead ore, some lead becomes 
incorporated in the soil. «iream sediment, drainage waten, 
and plants. This dispersion oi lead has been tH H Nw i in 
detail arouiid many lead deposits because it serves as a 
useful means of prospecting (Hawkes and Webb, 1%2). 
Such studies show that some earth mairrials and plants 
near or depoaiu may oooiain hi^y anomalous concen- 
tntions of lead and diat such anoraakittt conoentrations 
nxAv otifnd outwartl from the ore dejxisits These ri-o- 
chcmical halos ate an important factor in evaluating the 
lead cOKient of ttot cnviiMinicni. 

'f hf \fnd (onient of most lead ores avrraKrs about 8 
pert em wiieieas ilic kad contentof uijimneralued rock is 
only al>7ui 15 ppm. This high contrast (about 5,000:1) 
indicates that, during weathering and erosion, the lead 
from the ore can be disseminated in earth materials in 
anmnakNat amounts throufhouian area that isquite large 
by compwiwm with Ox original ore deposits. We will 
con s tder here the effect of suprrgene pfwesaes upon 
primary lead deposits and identify. ins(jfar as they can be 
determined, the nm>,i urtiKxi^int meam of lead disperuil. 

WEATHERING OF LEAD ORE 

Geologit »tudy has jirovidcd much infortnauon on the 
behavior of lead during oxidation and Mxaihering of lead 
deposits. The predcMrrinam lead mineral in the primary- 
ore is the sulfide, gakii^. Duitng weathering, galena is 
slowly oxidized by atmospheric oxygen to either the 
sulfate (anglesite) or the carbonate (cerussite), as indicated 
by the following equations: 

PbS^20, • PbSO» 

t>«lm4 Anclrtitr 

PbS»CO;^H;O+L'0, » PbCO,*H?SO« 

Gains ^^tMttitr 

Cerussiie usually is formed at a pH above b and anglesiie at 
a pHbebw 6 (Carrels. IMO. p. 170-171). Where pyriic is 

present, Fe*' in solution may fnrilitatr nxiHntion of ilu- 
galena. Ihe COj required in the formation of ccrussiic is 
piovided by thecaibon dioidde content of soil gas or, in 



many instances, bv the t^bonate content of nearby 
limestones. Part of the lead may also be incorporated in 
clay minerals or in iian OSiide coatings of compkx 
composition. If the primary ore is rich in pytite. a huge 
pan of the lead may beoome incorpotaied in the iron- 
oxide-rich gossans which dianuteriae the weathoed 
outcrops of such deposiu. 

The common supergene lead mitietals are quite 
insoliihle it) n,4iural waters. In H-eathered ore. dark- 
colored fiagments of galena commonly are coated with a 
light-cokned layer of anglesltr or cenissite, showing the 
firiHess of oxidation in progress. These oxidation 
products of lead do not Icich away in soil moisture, but 
remain in the weathered rock. Many lead deposiu have a 
high content of zinc, which oxidizes to soluble products 
that do leach away from the weathered ore. The behavior 
of lead during weathering thus contrastsshaiply with that 
of zinc . sulfur, and other soluble owdarino components of 
the original ore. The had OMitait of weathered lead tne 
rommonly is just as hig^ a* that of the original 
unweaihered ore. 

In the lead mining district of south«restem Wiscoiuin. 
residual concentrations of weathered galena fragments 
were found over tome of the lead veins (Huff, 1952). These 
residual concentrations were left by die deoompoakion 
and me( hanica! washing away of the lighter minerals .\i 
these residual roncentratioru had a high lead cunicni and 
were easy to mine, they formed an important source of ore 
during the early development of this district. Such residual 
concentrations of lead are not common, but they do show 
the characteristic insolubility and ttmiled tochingof lead 
minerals during weathering. 

LEAD IN 80IU NEAK OOE DirOSm 

As the weathend outtrops of lead deposiu contain a 

large amount of lead, it might he siisj)e( ted that stiils on or 
near such deposits also would have a high lead content. 
Study in many places has shown this to be true. Some 

representative data (table 1) show thai lead rontcnts of 
1 ,000 to 10,000 ppm are common in soils near outcrops of 

lead depoaits. 
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LEAD IN THE ENVIRONMENT 



Taou i.—Ranne o/ copper, lead, and utu tantmt u) unh toUttUd neat mr vttm 
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Most supergene lead minenils tat soft and dmnii-gratc 
mechanically during weathering, so thai much oi ihe lead 
probably is concentrated in ihc finfr^iw fraction of the 
soil. Most geochemical exploration studies of soil are 

hased upon .hkiKms <if a fine-si/r fraitinn, siuli .is ih<- 
miiius-fiO-mesh fraction. These studies yield high lead 
values, indicaiing concentrations in the fines. Few 
annlvsps f)f all si/c fractions of soil have Ixm made, 
however, uiid so Imit data are available on the relative 
concentration of lead in the various size fiacdons. 

I'he dis|x-rsion of lead in residual soil is demon$traie<l 
effectively by study of soil samples collected near lead-rich 
veins (Huff. 1952). Soil samples collected across a lead-zinc 
vein in Wisconsin (fig. 4) show maximum lead content 
immediately over the vein. Soil on the hillside above the 
vein I out. I in-, h.u kt;)i)iiinl .unotiiii-, i if lead. On the liilkide 
below die vein, the lead content of the soil gradually 
decreases away from the vein throuf$h dilution as the soil 
( It r[is ilow iiliiil Tin distribution of 7iii< in tfir soil is 
somewhat dillerent than dtat of lead. I'robably diis 
difference is caused by partial dispeision of zinc by 
solution in soil moisture, u hereas thedispcision Ofleadis 
almost ((impletely mechaniLal. 

Some ol the ore metals show a marked tendency to leach 
from the surface or A horizon of residual soils and to 
ctmrentrate in the lower or B horizon, so that the B horizon 
attains a higher metal content than the .\. .Sii< h leaching 
and redeposiiion has been recognized for zinc and copper 
but not for lead. Wherever such comparisons have been 
marie ilir A h<iti/iiii (nni.iins as iriiich Of ilMK lead than 
does the B (see Keith, 1969, table 1;. 

In the southwestern Wiscoruin lead-zinc district 
rrmt'u.Tl soil dciisid fiuin It-. id (1(|i<im(\ i\ (nfil.iin f>\ .i 
silty layer <«i tuliaii lixi^. 1 his loess is tx-litved lo be 
largely of Pleistocene age. .\lthough the loess has been in 
contact with lead-rich residu;il snif for thDn-^aiuts of years. 
Study shows dial tliere has been little, it any. didusion of 
kad in solutioa from the Icad-rich soil into the loew 
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FiGuiE 4.— Rcbriiamhip faeiwaea i 
dmuiol MKHinly ia rctidasl soil, Pmkii Crave 
Range, Iom Coimiv. Wii. FtaMi Huif (1998, p. «4)l 

(Krnnctiv, in^ifi, (). I87-22'?) Similar studies made wlx re 
glacial (ill^overlies lead ore show little or no diffusion of 
lead in solution upward into the gladal till. 

Surface soils may contain highly anomalous amounts of 
lead for 5 miles (8 km) or more fmm .\ m.ijc*r source of 
contamination such as a lead smelter iCjiiney, 1959). In 
Yugoslav i.i, nt .it .1 lead smelter which has operated for 
centuries, as much as 2*1,000 ppm lead has been measured 
in ooniaminated snl (Djuriif andodwta» 1972). These high 
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concentrations result from airborne dusi particles rirh in 
lead which have been incorporated in the soil. The 
minimal leaching rale of lead from soiU indicates that 
mofit of the lead added lo surface soils from contaminaiing 
sources will fematn In these aoifi imbfiiiitely. 

LEAD rN STREAM SEDIMENTS 

III most iiiiiiing districts the lead which crccpsdownliill 
in soils eventually is transported lo creeks, or washes, 
where it is incoqwiated by running water inio stream 

sediments. 

Ceocheinical exploration studies show that stream 
sediments containing ananutUwu amounts of lead from 
mineraliied areas can be traced downstream several miles 

from the source of the lead. It is assumed that the Icul in 
such sedimenu, like that in soils, is mostly conoenuraied in 
the fine pairtjdes. Here again few analyses have been made 
of differrnt si/t fractions (odetenninetheexiemof concen- 
tration in the line particles. 

Several sindies of p«mntng concentrates indicate that 
lead may aUo fv-roiuontratrtl in part in hra\ y minerals In 
one area in New Mexico ilu- hcdvy uuin-raU ( omainitig 
leadhBvebeenidentified(Crilfittsand Almiii.is. l'.«68,p.8) 
as fragments of limonite and wulfenite. Anglesite and 
cerussite are too soft to simive stream uansportation as 
sand grains and are laiely found in hnvy^mineral 
concentrates. 

Reconnaissance mineral exploration of many large 

areas has fx-en acffimplishcd b\ samjjlins stream 
scdimenu and by analyzing iheie samples for lead as well 
as for odier ore metals. A gtwd example is a stiMly in New 
Brunswicii (Boyle and others, 1966) Stmim srdimmt 
samples commonly contain less than lOU ppm oi lead (in 
tlie minus-80^meah-siae fiaction): near known lead 
deposits they may contain more than .^,000 ppm of lead. 
Representative data for stream sediments collected by the 
author near Tombttone, Ariz., we given in table 5. 

Tabu i.—OrfmtM etnltnt of stntm-«^^mtta tampia (mima 40- 
mnk) t»ttt€le4 m md dntrnmun ftom Uu TombUane duiriet, 
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LEAD IN MINE DRAINAGE 

Measurable aanounts of lead are tarcly detected in either 
mine waters or drainage from mines. Representative data 

obtained near lead and ^inc dqx)sits in New Brunswick 
indicate a lead content of as much as 3,300 ppm in stream 
sediments but less than 0.001 ppm in stream waters. The 
water sample with ihc hishcsi lead (onictit. '.' pi>iri, was 
colletted within a mine (Boyle and others, 1966. p. 24). In 
the same waters, the zinc content is as much as 1 ,000 ppm. 
Thrrontrasi shows the rrlatixr insolubility of lead Ttu-sc 
resulu .uid uthci avail.ible data iiulicatc that during 
weathering and erosion, little if any lead ts removed in 
solution from lead deposits. 

FLANTS 

Plants growing ni lead-ruh soil absorb some lead from 
die soil. Later, when tt»e plonu die and decay, this lead is 
relumed to the soil. Tlie renowned grorhemist V. M. 
Goldschmidt, after his chemical studies of (oal ashes 
(1957), theorised that lead, as well as many other trace 
elements pt«sem insoil.teiHfstobeabsorbcdbyplantsand 
plant hiinim. Thus, wherever soils are rid) in lead, the 
plants also are likely to be rich in lead. 

The extent to which plants accumulate lead fnmi tlie 
soil (Wrbh and Millman. 1951; U'orthint^tnn. I9''5; and 
Malyuga, 1 96 1 ;i 'tn bt- judged by ihc lead loiUenluf plants 
growing near areas of lead mineralization. .Some studies 
have indicated an anomalous lead content in some plants 
but not in others (Cannon, 1960, table 3). Relative 
amounts of lead accumulated by various species can be 
evaluated by comparing the lead content of plant ash 
(which contaiiu nearly all the inontanir constituents) 
with tlic lead content of the soil in wliii fi the plants are 
growing. Table 6 gives data of this type for three areas. 

In most of theseareas the lead content of plants is higher 
ihan ihat of the soil in ihrnfnirTiincrali^pd.nrfMsand lowpr 
than that uf ihc soil in the mincializcd area. In other 
words, the plants show less accumulation of lead from 
lead-rich soils. The reasons for this relationship between 
soils and plants with respect to lead is not completely 
understood. Howoer, it does indicate that the ability of 
plants to accumulate lead from soils is limited. 

Data given in anodier section of this report indicate 
considerable different es ainoni.; jil.int sjx t ics in ability to 
accumulate lead. Cotuidcriiig the large number of plant 
species, it is quite possible that some common plants 
v\hi(h !ia\p never been investigated arrnmulatr large 
amounts of lead. The mineraliied areas, with high lead 
content in their soils, provide excellent environments to 
>tudv the lead content of common, non-agricultural plant 
spc< K s. Ikcau-st at the f iirreni interest in lead dispersion, 
additional studies of loiiiinon |)lants in mineralized areas 
seem desirable lo identify all species which accumulate 
lead. 



Digitized by Google 



24 



LEAD IN THE ENVIRONMEI»fT 



Ta*L£ 6.— Mean lead conUnU o/ planu compared wUh mean lead 
eoNlmtt of mioekued soils im liotk Homnbtgrattud and mkmaUKd 

areas 
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CONCLUSIONS 

TTic supergenc disfiersal ol lead, unlike lhai of some 
other ore meials, lakes place mosily by mectianical 
processes. Chonical changes are involved in weathering 
but the weathered producuare relatively insoluble and are 
not leached from the rock by soil moisture. These soft 
insolubk kail minerals are incorp>oratccl in iht- fiiie-si/c 
fractions of the soil and stream sediments. They are 
diqsetied by gravity and can be traced in ever-diminishing 
concentrations a long distance from ilieir sr>urfp. 

The low solubility of the supergene lead minerals limits 
the amount of lead which dissolves in mine waters or is 
ir, umulatcd by plants Av ailable data on the lead content 
Ol nnnp u aieri indicatf that it is normally very low. Some 
plants accumulate lead from lead-rich soil near ore 
dcposiu; this accumulation vaiies according to apedes 
and may amount to seveml hundred para per millioii in 
the ash of aome species. However, as shown elaewhete in 



this report* high conoenuatioiu in planu have also been 
observed near lead smehen and near highways where 
plains absorb lead from industrial and autamolnle 

exhaust fumes. 
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LEAD IN IGNEOUS AND METAMORPHIC ROCKS 
AND IN THEIR ROCK-FORMING MINERALS 
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Most of the recent cstimatt-s of the lead conifiu of 
igneous and iiie(ainon>hic rock» (uble 7) are based 
priadpally on (he t p e cn ogi a phic amlywt by Wedcpohl 
(1956). Sim r thf publication of his wor", ' N ral hundred 
detennuuiiionk by a variety ol meditxb havr been 
published. These ate niiiinuniMl in table 8 and are shown 
giaphicallv for srfcrK-d rock t\pr^, in fiKiirr 5, in which the 
racks analysed have been das&iiit-d under the names given 
bjr the icqiective authon. The dau are in cood general 
H ieeipe n t with die avenfet pKvioualy prafKMcd by 
Wedepohl and odter researdien. It wilt be noted that the 

mttlian values arc generally slighih l<>\>er than the arith- 
metic averages, a consequence of the inclusion ol a few 
very hi^ demrminaiiom; thw, it i$ believed thai the 
median \alue is gencially moie iMaituigfui than the 
arithmetic average. 
The dan indiaue diat. widiin the probablectrar of the 
rhe If-ad contents of pliitonic rocks are generally 
about the same as thoaeof their volcanic equivalents (table 



Silicic rodu (gnuutt, rhyolaw)...........................,...............,... '20 O 

Granilr _...„......„..... . »» 0 

Granite, bich C^^^^^^,„^. _ „., , '15.0 

Craniw. low Gi '19.0 

Cfanodioriir.......— '15.0 

lBttraMdliiencki(dMttkHiMi4 '15 0 

tedillrile~..»«.>»..»■■.^. » — ..... » 8.0 
aM.H.»«m*.n«n..M..w......n..mM....> i....r«.....<«....i t....n.....*.w.*F HS-O 

AlkalicnxJu "12 0 

iriuamaiic rock* * 3.0 

• .1 
» 1.0 

R.}~IVl>liU Mild OklfilliSR «i*ifw«aMmr»n«w*r '21 .0 

Daciie .............................................................................. 'MO 

' b 0 
' 8.0 
> «.0 




8), granites correspond to rhyolites, dionies to< 
and alkalic rocks to trachytes and phonolites. 

The leaKl conienu increase with increasing silica 
content and, in general, with content of potassium, but 
even within a ting^ pluion or igneous complex concla- 
tioni such at Pb/K. Fb/Rb, and Pb/Ba show wide varia- 
tions It is very doubtful that ihc^c ratios are useful as a tool 
for correlation. They arc even less useful as a basis for 
pndjctkm of lead coMcntt. A few typical eitample» horn 
If «tM papers for thevaiiadon of the Ba/Pbtaiioave lined 
m table 9. 

The average lead content for gneiss in uble 8 a slightly 
lower than that for granitic rocks, but there are not 
sufficient dau to permit drawing any conclusions as to 
whether lead is gained (a lost during meumorphism, 
except to say that metasomatic reactions leadiiig to the 
devekipoientof K-feldspar mult in increased lead content. 
Miiovskiy and Matveyeva ( 1970) studied ihrc<^^ instances of 
gianitiation and found increases of average lead content 
in two, whcf« lead increased bam IB toSOppmand firamg 
tn }.j.m; in a third example die lead 4 
cuiisuru at 40 ppm Pb. 

The diinilnitkMi of analyici for gianiie. i 
boali, and gnein is shown in figiue 5. 



LBAD IN KOGUOBMING MINERALS OV 
IGNBOtn AND METAMOBraiC WHOCKS 

From considrt iM in rif thr ionic radii of the rock- 
forming elements oi ignef)us rocks (values are from those 
of Whiitaker and Muntus. 1970, for coordilialiOR number 
6), one would expect lead (Pb**. 0.126 nanometres) to be 
roncennated in minerals of potassium (K ,0.146 nm), 
such as K-ie)dqNVS. biotite, and muKt>vite, and to (x cur to 
a lesser degree in mineral s of calcium (Ca * 0. 1 08 nm) and 
sodium (Na*. 0.106 nm). In igneous rocks one would also 
ex[M < I \ t ry close geochemical coherence between lead and 
barium (Ba**, 0.144 nm) and between lead and strontium 
(Sr*i, 0. 121 nm), and lair coherence of lead with rubitlium 
(Rb*. 0 l'')7 nm) 

In reality, however, although there is a ^neial 
paralleltKn between the coniems of lead and potasuum. 



Digitized by Google 




Digitiztxi by Googlc 



LEAD IN IGNtOUS AND 



MF.TAMORPHIC ROCKS 



27 



Taile ft— Summwy of pukiuhed «naiyi« o/ lead tmunl 0/ <igiK«ui 
mi m tt umm pluc rotlu. 



Vni tmmait (nan) 
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L'-. 0 
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0- HO 


22.0 


16 


Diurilr, quaru dio»iic 
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0- 76 


14.0 


11 


Alkalic rockt .. 


153 


»-500 


22.0 


16 


Ulliainalic radu 


94 


l»- S7 


2.0 
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21.0 
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0-IW 


12.0 


8 


BaMii. gabliio, dubaic „ 


372 


0-100 


7.5 
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TndiycCf piMNioiiic 


SS 


Q- 60 


IS.0 


16 


CnriM 


274 


0- 80 


20.0 
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0-100 


15.0 
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51 


0- 50 


11,0 
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bodi in igneous rcxrks and in the individual minerals of 
•h'lSf rocks, cxaminalion in detail shows exfremclv wide 
and uii4>^l«iiaia vaiidUun.s in ihi- K Pb raiiu. I'hc Mine 
may be said of the relation between lead and rubidium 
contents; likewise, the ratios of lead to barium and kad to 
strontium vary over an extremely wide range and showno 
systematic n iaiiun 10 crystalli/^iion trends. 

In discussing this problem. Heier (1962 p. 426) stated. 

Led dnn im shew any timplc wlaikii loany «r ihr OU10 clcmcnu 
Mibaiiiudnt lor poHWwm in ft-bUhpim. Iccauir Fb* * it faoih divalent 
sod Hndlcr dMnK*.UiliauUfariiiDiiglrc»piui«iacn]tilingioclaM^ 
iU*lilliuii<on rolo. ffawcvB, die dau * * * ihow that lead lendi 10 be 
oiridied In die matt bacuommd (prKmaiiir) K-fridipon. TIih 
conmtdiclion 10 Cold>chinidl'> rule i» relaifd lo ihc laigr cicctro- 
iKgali viiy vakic of Pb* ', ditd the cxMuetjucni imicascd covalem oature oi 
dw PbO bonds at conipucd » tlw X-O bonds. 

mmuBimoN or lead among 

ROCK-FORMINC MDiEKALS 

Less than a dozen analyses have been published in 
which lead content has been dctennined for all the consti- 
tuents of a given rock, and the material balances Cor these 
are not very Rood, presumably because of the low spectio- 
grajjhif sensitivity for lead The few available analyses 
(Nockolds and Mitchell, 1948; Tauson and Kiavchenko, 
1856; Ziobin and Gorahkowa, 1961) all show that 70-95 
percent nf thr total lead in the rocks ts present in K- 
feldspar plus plagioclase. 

It should be noted that someof theaocessorymineralsof 
KTaiiiii( rrrks, fspecially those containing radioactive 
elements (for example, mona^ite. xetiotime, uraninitc. 
thorite. anxNi. allanite, titanite). oonunonly contain Un 
gveaier conceMiaiiom of lead than major rock-forming 
minerals; the contribution of accessory minerals 10 the 
total lead content of the rock, however. is i;i iu iall\ sm.ill 

Because galena occurs in small amounts in many rocks, 
attmnpis have been nude (Amaudov and others, 1967; 



Tasu i.— Range oj utrMtum of Bu/n Mtflo m jpumis and Nwca- 



Haktfft Ra^al at/PS tMi* a«l H t» M 



Pitciksiune 60-300 CaiinaclMel and 

McDonald (1961). 

Pantrllerilr 4-56 Gibian (I972>. 

Andriitr h— . ^ Pelu and o4hm (1971). 

„ ti) 1 V< Taylor and <Mhm ( 1969). 

Olivine luwil 56-129 Cuminin« (1972). 

Ankaramiie 75-560 Gunn »na oihers (1979). 

Dolniie «- 35 Walker (1969). 

t^anadioriic 17-210 Savu and odicn <1971)l 

Gianiir ................... SS- 76 Do. 

Do . 2- 90 Saha and o«Ken(igM). 

Coeitt 7-192 Khaiiagr (1971). 



Amaudov and Pavlova, 1971) to measure "sulfide lead" 
(by leaching with a solution containing 25 percent 
NaCI-H>.5N HQ) and "sulfate lead" (by leaching with a 
solution containing 25 percent NaCI); these experiments 

show tlial in iitarK all ".ainjjics of fehispars and 
muscuviies, 70-95 percent of the lead present is in the 
silicate molecule. 

LEAD CONTENT Oh RtJCk-FORMING MINERALS 

Ihe feldspars, as stated previously, an iIk- print ipal 
C4in'iers of lead in igneous and metamorphic rorks. Their 
contents of lead vary widely from locality to locality, and 
even in different samples from a single locality, but 
general trends are evident from table lOand figure 6, where 
data for orthoclase and microline are grouped together. 

For locks of gianodiorite composition the content of 
liad is onU slighiK greater in K rcKLsjiar than in 
coexisting plagioclase (indeed, a few analyses show more 
lead in thte plagioclase), but the lead content of the 

plagioclase dec reases with derrrasing rontcnl of calctum. 
C>>nsequently, the ratio of lead in K-(eldspar to lead in 
plagioclase increases lowaids the gianiies proper and 
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turiher in< reas^s in the feldspars nl giaiuuc pcgmauie. 
The K-feldspan of vrry late sugrs of granicir prgrnaiitr 
(in( liuiini' rhf riiTi.irfjnite) sho^^ \rt\ high ronlfnis of lead, 
reaching riiaximum levels of 1.35 prrteiu (ut ainazonite 
(Alker. 1959) and I.IO for gRcn ortbodMe (Cech and 
odien, 1971). 

Plots correlating lead content with Rb/Pt> and Ba/Pb 

ratios show that these ratios tend to decrease as Irad 
coDinii ioacaMs, but the dauicauer it lo great thai these 
ladoa prabaMy afvnot tneftil forconHation or pndiction. 

Data on oihi 1 nxk irming minrraK .nr :i',sr-iiiti)f.! in 
table 11. Most oi the data on musco%'iteare Irom Brddshaw 
(1M7>. who found lignilkantly higher contenu of lead in 

siimplp-^ from ^mnite^ a'.'sorinird with mincraliulion. 
1 he daia ol Farr\ ami .Natimwsk) ( lyfxl; and of Lovcring 
(1969, 1972) indicate ihaJ the lead content of bioiiiM from 
minefalixed granitic rocks is slighdy higher than in those 
bom tmrninmltaed granitic rocks; it is possible, however, 
that some of the variation isdue to regional difft icni es not 
oonnecied with proocsies of mineralisation. The average 
far ddorita aennt to be higher than would haw been 
anticipated; it mav rcflrct introduction oi ka<I dining 
hydrothermal alteration, but more work is clearly needed. 
Tlie low Qonienta tn quarti. pyKnene, amphibole, garnet, 
and olivine are as px(x-( tj-d. 

Very little work hm been dune un the fair of It^d in the 
weathering of igneous rocks. The data of RuiU-r 0953, 
19.^ )1. however, indicate thai moM of the lead is taken up 
b)' minerals of the clay-sue fraction. 

Avera^t"* ''"f"! if"' majoi tv|>fs of ignroiis and 
meiamorphic rocks as shown by recent analyses are in 
good agrecRient with theavenf^ sugftestcd by Wcdepohl 
(I956V In the- normal i^nfotis or mi iainnrphic rocksTtM, 
the lead content increases with silica (oiiirnt and there » a 
rough correlation between contcnte of lead and potassium, 
but the variations arr so ^eat that ratios of lead to 
potassium, rubidium, or banum are not of much value for 
conebiion or prediction. No distinct difierences were 
noted betiveen extrusive locks and their intnuive 
equivalenu. 

The data do t)oi ( learly show \vh( ihcr lead is gained or 
lost during metamorphism, but indicate gain of lead 
during feldspathiation or other types of potassium- 
metasorTiaiism 

Most of the lead in igneous and meiamorphic rocks is 
ooniaiMd in feltbpan alduxigh some minor accessory 
minerals commonly contain mmr Irad, thrir rrmtri 
buiion to the total lead contrni of the ro< k is small. Laic 
stage K feldspars of granitic pegmatite usually have the 
highest lead content of the <ommon rock-torming 
minerals. I'he lead content of the laic micaceous minerals 
<muscoviie, biotite, and chlorite) it generally lower than 



Taux 11.— trad contttu of other T(xk ImTHing minerab 



nte. 
Cranilk rociu: 

Minenliwd' S5 

L'timinctaliKil* 99 

Craniir ptgmatiu 21 

Schut • 

EcloKiir , J 

BiMilr: 

Granitic rodit .....m.. 585 

Siliiii wiKanicnxk* 17 

S< linr 73 
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that of the feldspars, but higher than that of the other 
common nick<fanning minenls. kiicas from mincraliied 

granitic rocks appear tn contain slightly more Irad than 
th<MC from unmincrah^cd rcxks of sirinlar composition. 
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ABUNDANCE OF LEAD IN SEDIMENTARY ROCKS, SEDIMENTS, AND 

FOSSIL FUELS 



By T. G. 



SKDUnNTAKY feOCBS ANDSEDDfENTS 

Lead is prrsont in voy small amounts in the common 

scdinifnury rocks. Analytictl da.) from ihe U.S. 
Geological Survey's rock anaJysis &tonige sysiem for more 
than 2,500 sedunentarr rock samples from various paits of 
the United Siait s show inrrage lead concrnirations of 
about 32 ppm for carbonaceou» &hale, 23 ppm for si I tstone. 
miMbtcMie,idaysioiie. and noncarbonaotous shale, 1 7 ppm 
for sandstone, and 1 1 ppm for limestone and dolomite. For 
all theif lotlk typtN. ini^dian values are lower than the 
averages (fig. 7), ami (m ii i he otfbonaceous shale, which 
has the highest average lead content, contains only about I 
ounce of lead per ton (31 g t) of average rock. 

Cjiinp.irable data on the lead content of these ai>d other 
tcdiincniaiy rocks are found in the literature. Selected 
samples of carboiuKeaus shale from variotis formations in 
ihf 'WcsKTii I'liiicd Si.iK's ( oni.iinrd ftoin < 10 to 70 ppm 
lead, with a median of ISppm (Ehividson and Lakin, 1961, 
1962X Vine(lfN»)ca]lectedfourseuorblacksha1esamples 
from various part% nf ihr rounirv ;incl found median values 
in them latiging from 10 to 30 ppm of lead, and Wedepohl 
(1971 ) obuined an avetage lead valueof 23.8 ppm from 200 
bituminotis sh^ilr sarnplrs taktTi from fH'- I'f'-ii-d 

Slates and iiurupc. LikewiM.', in an adduion.ii « .) vini])les 
of shaleof Mesozoic to Holoceneage, from Europe, Korea, 
Japan, the United States, and Trinidad. Wedepohl found 
an average of 23.8 ppm lead with a standard deviation of IS 
ppm. Touneloi ( Ilt62, pi. 4) lound that the leadcontenlol 
samples of Pierre Shale taken from widely separated 
loealititt in Montana. Wyoming, and South Dakota 
showed a narTi -.s r inj^c of fiotti 7 to 30 p[)rn with a median 
at 15 ppm. krauskopf (1955, p. 4 16) gave an average value 
lor lead in shale of 20 ppm; Newman (1962. p. 425) 
estimatrd the average lead content of Tri issic mudstones 
on the Colorado Plateau as 13 ppm, and Cadigan( 1971, p. 
41-42) calculated a geometric mean of about 12 ppm lead 
for thev rocks. 

Published data on the lead content of normal sandstone 
arc somewhat less abundant than thote for shale and 
siluione. Knnukopi(1955.p.416)gaveanavcnig!enutgeof 
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10-40 ppm lead for sandstone. Wedepohl (1971. p 241) 
found a mean \aluc of 19 2 ppm lead in 13 Palt-o/oii iml 
Mesozoic quartz sandstones from Germany. Lapciunskii 
and Lapchinskaya (1966, p. 123-127) report e d an observed 
range nf I'i ')2 ppm for lead in Carboniferous sandstone 
from Shebelmsk, Russia, and Razdorozhnyi (1966, p. 
20S-206) obtained a modal value of 10 ppm lead from 
satKlstone sampki ol similar age iram the Donets Basin of 
Russia. 

Our dau on normal lead in carbonate rocks (limestone 
and dolomite)are comparable with the average abundance 
of 8*4 ppm estimated by Graf ( 1960, p. 71) and ividi the 
avrrage of 9 ppm given by Wedepohl (1971. p. 241) for 124 
samples of European carbonate rocks. 

Semiquantitative anaiyMr^ ul :»evetal hundicd samples 
of phosphate rock from the Phosphoria Formation in 
Idaho (Sheldon anri oihets. 19.')5; Mt Kehey and others, 
1953) suggest thai the normal lead content of this rock 
ranges from 10 to 100 ppm and that many of the samples 
contain >100 ppm of lead, indicating a slightly glCBier 
concentration of lead in phosphate rock than in 
carbonaceous shale. Bauxite, on the other hand, appears to 
be more comparable lo the carbonate rocks in its lead 
content; samples of Arkansas batnute had an avetage 
content of 7 ppin and a inaxiiniiiTi tontent of 70 ppm lead 
(Cordon and MuraU, 1952). However, some published 
analyses of European phosphorites and hauniiet suggest 
the reverse relationship in the relative conrentnitions of 
lead in these two rocks. Orekhov (1968) refxjrted a 
maximum value of 30 ppm lead in samples of lower 
Tertiary phosphorites of the Rostov region in Russia. 
Maksimovic (1968) found a range of 16-155 ppm, with an 
average of 69 ppm lead, in 120 samples of bauxite Cram 
Henegovitu. Yitgoslavia. Gytirgy (1957). hoivever, gave 
lead concentrations in bauxite samples bom western 
Hungary that are comparable 10 those reported liar 
Arkanfia<i b.^nxife 

The nonnal lead content of tnarine evaporite rocks 
appears to be even lower than that of the sedimentary 
carbonate rocks. Stewart (196S, p. Y33-YS9) presented 



Digitized by Google 



S2 



LEAD IN THE ENVIRONMENT 



several analyses of these marine rocks and of the chloride 
and sulfate minerals of which they are composed. The 
highest lead value he gave is 5.4 ppm for a core sample of 
halite ( NaCl ); most of the halite samples, and also those of 
potash evaporites, contained less than 1 ppm of lead. The 
low lead content of potash evap>orite sediments is 
somewhat surprising in view of the tendency for lead to 
concentrate in the potash feldspars of igneous rocks. 

The presence of available lead in the marine 
environment is indicated by relatively high lead concen- 
trations in samples of unconsolidated marine sediments. 
Turckian and Wcdepohl ( 1%1 , p. 186) reported an average 
of 45 ppm lead in deep sea clay from the Atlantic and 1 10 
ppm in corresponding samples from the Pacific. F.ricson, 
Ewing, WoUin. and Heezen (1%1. p. 229-231) analyzed 
more than 100 argillaceous bottom sediments from the 
Atlantic Ocean and the Caribbean Sea. These samples 
gave a median lead value of 60 ppm and a maximum of 240 
ppm. Riley and Skinrow ( 1965, p. 49) reported an average 
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of 1 62 ppm of lead in deep sea clay samples; they believed 
more than half of this lead to have been derived from 
seawater (p. 57). Similarly, in deep sea nodules of iron and 
manganese oxides, they obtained nearly 1,000 ppm lead, 
which they thought was adsorbed from seawater by 
hydrous colloidal oxides of iron and manganese. 

Marine sediments deposited in shallow water appear to 
contain appreciably less lead than those deposited in deep 
v^-ater. Nearshore samples from the Pacific Ocean average 
only 20 ppm lead (Riley and Skirrow, 1965, p. 49), and 
similar lead contents are reported from Mediterranean Sea 
sediments (Bilyavskii, 1969), and Baltic Sea sediments 
<Lubchenko, 1970). However, in tectonically active areas, 
such as the Red Sea, where volcanic emanations and 
hydroihermal solutions mingle with marine water, lead 
content of the sediments can be greatly increased. 
Sediment .samples from the bottom of hot brine pools in 
the Red Sea contain as much as 0.2 percent lead (Hendricks 
and others, 1969, p. 434). 

This contrast between lead contents of deep and shallow 
marine sediments suggests that lead entering the marine 
environment has a tendency to move outward and down- 
ward toward the deeps. Such a theory would help to 
explain the low lead in evaporite sediments that formed in 
shallow basins; most of the lead may be presumed to have 
migrated seaward from these basins before the brines 
became sufficiently concentrated for the evaporite 
minerals to precipitate. Higher lead content of deep 
marine .sediments may also be caused, in some places, by 
lead-bearing juvenile emanations entering the deep sea 
basins. 

The normal lead content of unconsolidated terrestrial 
stream sediment appears to be comparable to that of shale. 
Holman (1%3) found an average of 18 ppm lead in stream 
.sediment samples from Nova Scotia. Analyses of more 
than 5.500 stream sediment samples from a large area in 
Maine yielded a mean of 25 ppm lead (F. C. Canney and 
Maurice Chaffee, written commun., 1971). 

FOSSIL FUELS 

The normal lead content of coal app>ears to be inter- 
mediate between that of shale and of the carbonate rocks, 
averaging about 10 ppm. Rao (1968) estimated that the 
lead content of Alaskan coal samples ranged from 1 to 50 
ppm and averaged 10 ppm. Published lead analyses of 
organic fuels samples are normally given as percent lead in 
ash. inasmuch as lead cannot be determined by ordinary 
analytical methods in the presence of large amounts of 
organic carbon. The values given by Rao for the lead 
cx>ntent of the ash of Alaskan coal samples are approxi- 
mately one order of magnitude higher than his estimated 
values for ihe raw coal, ranging from 20 to 400 ppm and 
averaging 100 ppm. Abemathy, Peterson, and Gibson 
(1969) presented data on the lead content of the ash of large 
numbers of coal samples from the western, interior, and 
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eastern roal pro\'inc« of the T 'niicd States. The average 
leikl in ash was given as 29 ppm iur the western province, 
131 ppm br the inKtior pmvinoe, and S5 ppm for the 
casMxn province. 

Hie published data suggett that the lead conteniof coal 
tends to dec reas<' as its rank iinreases. Duel and Annt-ll 
( 1956) found lead contenu in ash of low-rank-coal samples 
langingfaDin l€Oiol,OOOppni.Nuiin,Lovell,andWright 
(1953, p. 56) eslimal«J a range of 10-100 ppm in the lead 
content of anthracite ash; and Chow aixl tarl (1970, p. 46) 
found a lange of 10.0-3941 ppm of lead in die ash of 
anthracite sami'lf" frnm Pennsylvania and Rhode Island 

Headlee and Hunter (1955, p. 151-156) laii !>ome 
enperunents on the partitioning of lead in coal among the 
pioducu ol combuslion. They oonduded that die ashing 
techniques used in the laboratory retain esaentially all of 
the lead in the ash, but that ordinary burning of coal in 
industrial piooesK* volauliaes about 6 pctcent of the lead 
originally present in the coal. If tve ute ihtt figine. and 
assume a lead content of lOppm (0.001 percent)in thccoal, 
it would require the canabuttionafapfuoxiinately 10,000 
tons of coal to immdiMe 1 pound (0.45 kg) of votadluRd 
lead into the atmospbeip. Industrial burning of coa! 
sainplo with a le<id cmucnt of Q.Qil p^icent in the ash 
produced soot with a lead-in-ash content of 0.4 percent, 
and the ash of roal tar deri\ed from this < oal contained 2.84 
percent lead (Ht-adlet- and Hunter. 1955, p. 155). 

The lead content of petvoleum, although generally 
knvcr dian thaiof ooai»iscitticiiidy variable«Hydeii(1961, 
p. 44-59) published extemive tables shondng the lead 
content of crude oil samples from different parts of the 
country. Lead ranges from < 0.001 to 11.4 ppm and 
averages 0.CS5 ppm in the oil, and it ranges from <0.00]5 
to 300 ppm and averages 20 ppm in the ash. DonncII, 
Tailkur, and Toimelot <1967> reported a maximum lead 
content of 200 ppm in the aih of samples of Alaskan oil 
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LEAD CONTENT OF WATER 



By M. J. FiSHMAN and J. D. Hem 



The lead content of water is usuklly detolbcd in temis of 

I oiKcnit.iiion-. of itv (!.v, element. For rrsrarrh 

purposes, the U.S. Geological burvey, in teuing water 
samples for trace elemenui, comiden dissolved materia] to 
hr partiriM small enouKh lo pass fhmugh > -^'t- ftm- 
pore -diameter membrane. Although tins in hii .iibiirar>' 
opeiational definition artd some rolloidal material may 
pass ibrouKli tin filtfr, the 0.45- ^m siie limit is widely 
used. \Mkic daiii aif given here on dissolved lead, they 
may be assumed to represent material that passed through 
a 0.45- Min-porosity filter. Until receitily very little 
attention has been given to the minor -element content of 
material caught on tlic filter, and it is not possible to 
obtain fnitn published literature any clear indication of 
the unportance of the suspended fiaction in the foul 
quantity of lead ii.insjiorted by sin.iins There is some 
evidence, however, that, at times, considerable amounts 
may be pieaent in tuspension in sitcaros canying diiect 
runoff from ttrbntind aresu. 

LEAD m SUBT ACE WATERS 

A roruiderable amount of information on lead concen- 
trations in surface waters has been obtained since the laie 
1960*s. However, the observations tend to be sporadic and 
scattered, and the details of the ( h< mic .il behavior of the 
element and lu occurrence in any suigl'' :>tream have not 
been fully explored. Klcinkopf (I960) reporteda mean lt;ui 
coficeniraiton of 2.S |ig/l in waters from 440 lakes in the 
State of Maine, with a range of O.OS-1 15 lig/l. Dumm. 
Heidel, and Tison ( 1960) reported com < n t rations of a suite 
of minor etcmenu, including lead, (or samples from iiutjo< 
socanii throughout the world. Data from their report and 
supplementary unpuhlishrd annlvsci in T' S GroIne;ir.Tl 
Sur>ey files show a range of lead » omcntrations troin 0 u> 
200 !■ with an average of 8.1 fifi/\. There were 93 
samples in this group, representing 27 streams, mostly in 
North America. I.ead occurred in concentrations above the 
detection limit in more than 90 {XTceni of the samples. 
The samples in the study by Durum, Heidel, and Tison 
were filtered before analysis, but the filter only removed 
partit li s o\ rr I /iin in diameter. O )ns< <|Ufmh tlx nc Icul 
values may include some from material usually found in 
suspension as well as that in solutiofi- 



Since 1960. the U.S. Geological Survey has performed 
more ili.m I.fiOO lead detenniiiutions on surface waier 
samples collected throughout the United States. These 
samples were analyied for lead by spectnignpbic and 
atomic-absorption iccliniqut s, which are disctisscd by M 
J. Fishman (this report). Most of the samples were from 
one of three flonKa: (1) public water sun)lies. (2) water 
coiirys do-wnstream from major municipal or industrial 
coinph:,\fs. and (S) U.S. Geological Survey hydrologic 
bench-iTtaik station* 

The dissolvcd'lcad csoncentrations in these samples, 
representing surfaoe waters in all 50 slates as well as 
Washington, D.C., and Puerto Rico, range from "not 
detected" to 890 Mg^ l. Hotvever. leadonly rarely occurs in 
athountt exceeding the U.S. Public Health Service <196S) 

drinking 'A .it: i .i indard of 50 /ig ' lead. Only 13 of the 
more than 1 ,tiOU samples analyzed, or less than 1 percent, 
contained concentradons in excess of 50 ^g/l. Of the IS 

samples, only S contained more than 100 fig/\ lead, or 
more tiuiii twice the U.S. Public Hcaltli Service limit. 
Eighty-six percent of the samples ooniaitwd leas than 10 

fi g-i. Most surfac e waters, exrept for water courses down- 
stream tioin nujur (iiuiiicip;tl and industrial cuiiipkxcs, 
evidenily ir>ntain less than 10 ng/\ of di$s(rived lead. 

Table 12 summarixes, by Staws, the nuwumim and 
mntiminn ooncentraticins of lead foimd in surface warns 
of the I'niied States. Also included in the summary are the 
percentage ot samples fxmtaining less than 10 ^g/1 and 
the number of samples that exceeded the U.S. Public 
He.ilih .S< i vi< t'dt iiikiii;^ water limit. The data in this taJ)Ie, 
which cover the period from 1960 through 1971, were 
obtained from Durfbr and Becker (1964), and Dunim, 
Hem, and Heidel ( 1 97 1 ), and from miscellaneous spcctro- 
graphic data from analyses performed in the U.S. 
GeologicTil Survey laboratory in Doiver, Cokk, under die 
direction of P. R. Barnetl. 

Table 13 shows lead concf niraiions in selected suriactr 
waters of the United Suies, as detennined from 
miscellaneous ipeotrograpbic analyses. 

Several in-depth .studies of surface water in individual 

Sl.ilt^ .mil I t t;i( jiis ll.n ! .ils< I Ik < II ( an lt d out. Silvey (1967) 

lepoited an average concentration of 5.7 of lead in 
streams of California in which the element could be 
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Tailc 18.— Maximum and mimmum concmttattons of Irad found m 
suiftee Mlnv ^ <*# VmUd Slata mtf PiMfto Km fnm IMO to 
i9» 
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detected. However, lead concenoatioro woe betow the 
deMCtion limit (0.6 fig/l) in 78 partem of the sticam 
samples analyzed. 

A comprehensive invesiigation ol ihe distribution of 
diuolved lead in Florida sutbce waten was cvmd wn bf 
ibf I'.S. Gfdlo^ic.il .Sur\fv in ((xjfx-raiion with the 
Bureau of Geology, Florida Department of Natural 
Rcsouices. and other Slate and local agencies (C S. 

' Ojn<)\cr. written (ommun , 1971). More than 180 samples 
vvcK- analyzed; conccnirations of lead ranged fruni 0 lu 40 
fi g 1. Hie samples were collected during low (May 1970) 
.iiui IukIi fSrptPTnbet 1970) -iitf.tmflow i ondiiions. The 
data iur May 1970 indicate tlic tulluvving: (1; lead was 
found in abotit €0 percent of the samples in concen- 
trations langing from 1 to 30 ^g/l; (2) 78 penent of all 
samples had lead concentiations equal to or less than 10 
fi^ I; and (?) 1 perceniofall samples had concentrationsof 
SOms 1- I'or Sepiember 1970, the following was observed: 
(1) lead was found hi about 7S peioent of the samples in 
concentrations ranging fr nn 1 lo IOhr i; (?) 75 pcrtont of 
all samples had conceniiatiuns (-(|ual to or less than 10 
Mg I; and {$) 1 penent of all sampU>s had lead concen- 
trations equal to or greater than 30 fig/L 

Several other investigaton. have reported the lead 
content of various lake and river waters. Boswell, Brooks, 
and Wilson (1967) reported that the leadconoentiation in 
the bottom waters of Lakes Joyce and Hooiv in Aniamica 
were 310 ' -'"^1 83-91 1. rrsptc ti\t!v, 'rJii- lead 
( onteni of the water of the Orange River at VicxtUdrif. 
Cape Province, Union of South Africa, was reported bjr 
D( Villit rs (1962) to range from less than 0 001 to 156 ppm 
(1,360 Mg' 1)> based on 24, samples collected over a period 
of I year. Zhukhoviiskaya, bmyatkina, aiKl Lukashe%' 

(I96fi) rrportrd that lead ronccniraiions in strranis of the 
up}M:i Dnie{ier basm ranged hum 0.01 to 0.55 ppb. 
Lukashev.Zhukhovitskaya, and ZamyadtinB(l965) found 
tliat lead concentrations in the surfacewaiersoi the Poles 'e 
tcnitory near Pripyai in the Belorussian S. S. R. ranged 
frum 2 to 13.3 ppb. Krainov and Korol'kova (1964) 
analyzed mineral waters of the Lesser Caucasus and found 
a maximum lead concennation of 40 Tuiekian and 
KIcinkopf (195fi) d( terrnined lead in 459 stream .iiid lake 
waters of Maine by a semiquantitative spectrographic 
procedure. The average ooncentnuion of lead was 0.S6 
pph Ileidel and Frenier (1965) reported on the lead 
concentration of 156 surface waters, including some 
samples from the esiiuuy of the Patuxeni River basin. 
Maryland. The Ic.id rontcni ranged from 0.9 to 1 1 /xr i, 
vs'ith an averageoia /Ag 1. Asuiveyoflheionrentraiionof 
lead and other trace elements in the Colorado, C>)lunibia, 
Ohio, Mississippi, and Missouri Ri\'ers and in the Great 
Lakes was presented by Kroner and Kopp (1965). In only a 
few samples did the lead concentration exceed the U.S. 
Public Health Service drinking %vater standard. For most 
samples the conoeninMlon ollaid was bdow the detection 
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limit of the s|jecirographic method usfd lo arul>/L- the 
samples. 

The data o( Durum, Hem, and Heidel (1971) show adis- 
tinct regional pattern of dissolved-lrad distribution in 

river w<iiti in ilu- 1 n licil Si.ius. C^oru i_ tit rations above ihe 
detection limit occurred in nearly all sourt^ sampled in 
the Sum atong the Atlantic Coast and in most sources in 
thirklv pojjul.inil regions .ironiu! the Great Lakes. In the 
iituie thinly pupulaied regions west of the Mississippi, a 
h igh proportion o( the souraes had less than I fig/l of lead, 
but relatively high roiK entrntions appeare<< apain along 
the Pacific Coast in siieamsol the Los Angeles, .S»an Fran- 
cisco/and Seatde arras. Hieie were areas oi Mglier con- 
GenliatiolM in lead mining regions in Wisooitnn. near the 
Ozark Mountains, and in northern Idaho and adjacent 
areas. 'Hie clistriltution pattern may be explained by con- 
sidering the source&of environmental leadand by the solu- 
bility of lead carbonate and hydroxide from industrial 
wastes in river u aK r 

Livingstone (1963) stated that irom data then available 
it seemed likely that the gkrfal mean lead content for lakes 
niicl rivers ranged from I lo 10 pph. n;ifn fitrti here suggest 
thai ihu i^a reasonable estimate for the dissolved fraction. 
In general, the presence of a few teiM of mioogtamsper 
litre of lead in solution in river water appears to be most 
common in areasof heavy automobile traffic and extensive 
industrial development. In the vicinity of lead ore de- 
posits, the content of lead in river water may also be in this 
range or higher. 

Lead c an Ix' t arrietl as j ( olloidal sns|>ensii )n of hydrox- 
ide in river water, and 1 1 may also be prc&cnt as a coaling on 
other mineral panicles, or as ions soilwd on mineral 

surfaces. The available data do not clearh show the 
importance ul 'iU^xindai lead, konovalov, Ivanuva, and 
Kolesnikov ( 1968) determined lead concentrations in 
particulate material carried by 3S riveis in the I'.S.S.R.; no 
data are given in their rei)ori for dissolved forms of lead. 
Concentrations of lead associated with sediment were as 
high as 152 |ig/l of the original water sample, but most 
were below 40 pLg/l. The analyses for lead in solution 
appall ni!v .ill sli<>\vetief)ii(( titrations below detection, but 
ii is not certain that the methods used give results that are 
comparable with those of other investigations cited here. 

LEAD IN PlEOnTATION AND KUNOFF WATERS 

A laigie amount of lead is used each year in the United 
Stales as a gavoline additive. This lead is mostly dispersed 
in the atmosphere, and has a readily measurableinfluence 
on the com(x>sition of rainfall — and, hence, of runoff 
waters— especially in the more thickly populated parts of 
the country. Lazrus, Lorange. and LodRe (1970) reported 
the average t niiK iitiaiion i >f lead in t.iiiifall lo he ? 1 /it; 1 
for 32 prccipiutjon measuring stations througiiout ilie 
United Slates during a 7-nionth period emling in March 
1967. The conoentratiom of lead in rainfall in the north- 



eastern pari of the country, however, arc known to exceed 
this average substantialK In .nidition, many of the dilute, 
relatively kiw pH solutions that cotutituie the usual river 
and lake waters in this region have a high capacity for 
retaining lead in soliiiion at equilibrium. Many such 
waters could attain lead concentrations amounting to 
several hundred micrograms per litre before reaching 
chrmiral safuratinn The potential for higher ronccn- 
traiions in the surf ii e waters ot industrialized and thickly 
settled regions diK s exist, althoU|^ concentrations in this 
range have not yet become common enough to be brought 
to light by the rather thin distribution of sampling and 
analysis thus far accomplished. The amounts of lead used 
as gasoline additives each year in the United States are 
enough to give an average lead concenliation near ISO 
(I g 1 lor all the runoff leaving the conterminous 48 Stales 
in the average year. This figiue, oi course, indicates only 
that lead is available in amounts thai are of considerable 
poteniial h\dr(K heniii al si)>nificance. Just how much 
lead might be expected to accumulate in a particular 
stream at a given time depends on many other factors. The 

greatest rontributions to runoff in most larj^r streams 
come from areas where population is relatively sparse arul 
lead is less abundant. A coQsitlenble fraction of the lead 
brought down in rain or sntmr can be expected lo be inter- 
cepted and retained by soil and vegetation; however, the 
direct runoff from nibani/ed ateas may contain sub- 
stantial lead conceniraiioiu at times, and further study 
will probably show that such occtirrences are not tare. 

It is important that studies of lead in river \saiei be 
continued, with special efioris to measure solubility 
parameters (pH and alkalinity) and to demmine the 
partienlatr frariion of lead in mnoff, cspedally in early 

stages of riinott evciiis. 

LEAD IN GROUND WATERS 

'llxe lead concentrations found in ground waters of 

many States and Puerto Rico are summarized in table M 
Again, spcctrographic techniques were u^ (or deter- 
mining the lead in most of these samples. Atomic- 
absorpiii >n (e< hni(iurs were used for a few samples. Of the 
353 samples anlayzed, only two conuined lead concen- 
trations exceeding the U.S. Public Health Service 
drinking water standards Fi^htv percent of the samples 
contained less than lU 1 of kad. 

The amoimts Of lead in ground wa' : i 1 1 i < i public 
supplies in .some of the larger cities oi the United States 
were reported by Durfor ai>d Becker (1964). Most of the 
samples represented treated water, and treatment may have 
influenced some of the concentrations. Results of 57 
analyses, many representing mixed water from several 

wells, uett t;iveii. Detectable ti>n( eiurations of lead were 
present in 30 of these; the remainder had conccntra lions 
below detection. The lower limit of detection in these 
solutions was variable and rather high, g^eially above 2 
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jig/l. The highest value olnemd tvas 62 n^ l, but this 
was a ddinite anomaly; most conceniratioiu observed 

were between 2 and 1 0 1 ad has a \ cry low solubility 
in waiet thai contains moderate concentrations of 
bicarbomnekmsandhasapHnearS. Many gtound waters 
displav thrsrprnprriirs, and thusaieexpecwdiobelowin 
dissolved lead conceniraiion. 

Silvey (1967) found deiecuble amounts uf lead in 17 
perrrni of ihe samples fiom springs and in 15 pierceni of 
till- s.iriiplcs irom wells and uil-(ield brines rolleried at 
V aniHis sites in California. The average concentration of 
le ad for the water in these samples was 17 Mg^l lor the 
spniiKs and 2.8 (ig/1 for the wells and oil-field brines. 
Hovvcvcr. one of the spring s.impk s KHitaiiud 1! < h-k 
which itrongiy influenced the reported average. 

'The compilation ofanaiysesof ground waters by White, 
Hem, and Waring (1963) contains a few values for lead 



concentrations, although the element was not generally 

determinril. Tht- highest reported tontentration \\as 
about 1,400 |ig/l in water from Wilbur Spring, Colusa 
County. Calif. Several other saline or thermal waters 

contained a feu lens or hundreds of micrograin.s pei litre, 
but rao&i analyses lor lead indicated conceouations below 
detection limits. In general, the ground waien that 

contained signifirani concentration.'; of trad were either 
high in chloride or tow in pH, and had relatnciy high 
temperatures. 

More than 100 spring-water samples were collected east 
of the Continental Divide in Colorado (E. C. Mallory, Jr., 
written conimun., 1971). The dissolved-solids content of 
these samples ranged from less than 50 mg 1 to more than 
28,000 mg/1. Lead co oc en tra tioits were generally low; 68 
fxiicni of the viinples contiiiiied I ^g/lorless. Only font 
samples coniained more than 1 0 and the maximum 
concentration was 30 |tg/|. Lesd cancenmiions in 

Missouri ground waters wtTe also found to be generally 
low (E. C. Mallory, jr., written cummun., 1971/. Of the 43 
samples analyzed, 42 contained less than 10 Mg/1 of lead; 
the remaining sample rontained 10 Mg''! Knsolapova 
(1963) reported that the lead cunieni of subsurface waters 
in the Olenek River basin of Russia ranged bom 5 in 90 

Coleva, Polyakov, and Nediayeva (1970) reported 15 
analyses of ground waters associated with ore deposits and 
21 analyses of mineral and saline ground waters from 
various localities in the USSR. In the waters from ore 

deposits, the highest lead lonrentiation found \sas 1.680 
II g/1, but all the rest were below 100 Mg/l; the water 
containing the hii^iest concentration was strongly acid, 

with a pH below ! 0 The mineral and saline wateil 
generally coniained from 1.9 to 11.4 ' of l^ad. 

Acid mine drainage samples in some areas contribute 
laige qttaniiiies of iron, manganese, aluminum, and other 
elements to surface waters. A number of acid mine waters 
from Pennsylvania and Maryland and one from West 
Virginia have been analysed by a U.S. Geological Sumy 
laboratory in Denver, OdIo. The concentrations of iron, 
aluminum, ami manganese in 1! ' r , i:ri| les ate high, 
ibowing maximum values of 190,000, 130,000, and 13,000 
Mg/l, respectively. On the other hand, the lead concen- 
trations were low; Rfi peri eni of the samples contained less 
than 10 ftg. 1 lead, and 80 percent contained less than 5 

LEAD IN THERMAL WATERS 

.Several investigators have made chemical studies of the 
lead content of hot-springs waters. The lead oonientof the 
waters at Stubic. Yugoslavia, was reported by Miholi<} 
(1945) to be 0.003 n>g kg (approximatc!y3 /ig/1 ). In seven 
hoi springs of Shikabe. Hokkaido, Japan, Utumasa and 
Akaiwa (1960) denermtned lead concentrations ranging 
ftom O.€9to0.36 mg/l. NogiidiiandNi8hiido(1969} deter- 
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mined kikd ui IdicyaiDa-jigokudani ho( i^prings in 
Toyama Prrfccture. Japan. Eighteen sampbi ivCte 
analyzed oolohroetrically with dithixone. and the concen- 
trations of lead found ranged from 0.00 to 1.25 mg/l. 

Miiiami, Sato, and Wataniiki (1957. 1958) anal\/ed hot- 
spring waters of Tanugawa, Akiia Prefecture, Japan. In 
10 springs along the main Tamagawa sttvam. dw lead 
( oiKpnii iiions t-in^ed from 0.96 to 1 8 mt; 1 In lOsprings 
in the Yukawa River, the average lead content was 1.29 
mg/I. 

Goleva, Polyakov. and Nechaye\a (1970) analv»es 
of four thermal waters from the U.S.S.R. One, from a 
fumarok at Ebeko vok ano, had 34.7 ^g / 1 lead. The other 
three (carbonate and nitrogen-carbonate brines), obtained 
from the thermal area of Cheleken, had from 1,210 to 4,000 
|tg/l. These waters were very saline, containing more 
than 200 g/1 ol diuolved solids, and some of the other 
wattri of dm iiea were leponed loomtain up to 6 mg/ 1 of 
lead. 

LEAD IN SEA WATERS 

Tauumoto and Patterson (1963) determined lead 
conoenuations in seawaien off Mxtthcrn California using 

isotope dilution techniques. The le.ndi nnipni ranged from 
0.08 (o0.4 Mg I and averaged 0.2 /xg 1-I'> deep watm, the 
concentration did not vary mudi and avenged O.OSfig/1. 
Skiiriiil S irie 7iH ntr 7 A ind Cohen ( 1970) were unable 
to dttti t Itad 111 AiiaiiiK ( J( tan vvaim. However, in the 
Mediterranean Sea, the lead content at Ashdod and 
Palmachim, Israel, was 340 and 1 70 Mg 1. respectively. In 
Black Sea samples, Belyaev (1966) reported that the lead 
contetit was 3.6 ppb. This value represents an average of 
determinations made in the course of 5 years at a number 
of sites. Loveridge and others (1960) stated that lead in 

scaw.iirr i^ asstniait d w ith the susiH-iidt-d solids lhat are 
removed by filters iliai retain particles 1 iim in diameter or 
larger. The values found for dinolved lead in their study 
tanged from 0.0 to 13 fig/l. 
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By R. R. TioBAU. 



INTKODUCnON 

Investigation of th« l«ad mnteni of agricultittal toils 

was (irst stimulateti hy (hi- known loxic effects of lead on 
plants, animals, and man; more recently, the deveiop- 
ment of geochemical prospecting techniques hasmulted 
in analysis of noTuiKritiiltural sniN for anomalmis U-.id 
concentrations related to mineralization. Lead is among 
the met elements listed at hannlul to various plants and 
animals (McMurirey and Robinwn, 1938. p. 808; Swaitu-, 
1955, p. vi), and the toxiciiy of l<ad is of continuing 
concern in hunun hralth (U.S I'iit)lic Health Service, 
1966; Kehoe, 1971 ). Early interest in the concenttation of 
lead in soil came as a result of pollution by effluent from 
smelters (Holmes and others, I915)and pesticide sprays in 
orchards (Jones and Hatch, 1937, 1945). Geochemical 
prospecting activities, which greatly expamlMl in the 
l9S0's (Hawkes, \9h7 , p. .^14j. siiinulaifd inicrest in back- 
ground concentrations of meiaU in soils as an aid lo 
identifying ninenliaed aones. More recent interest stems 
from the contamination of s^nl- nlnng highways bv aiito- 
motive exhaust (Cannon and Howies, 1962; Singtri and 
Hanson, 1969; Auli and others. 1970; Dedolph and others, 
1970: Motto and others, 1970; Schuck and Locke. 1970; 
Cormor and others, 1971). 

The natural concentration of any trace element in soil 
cui be viewed in at least t«vo ways. First, the ooncrn- 
tiadons of such elements may he e^^pressed as total 
amounts, which in< ludc all nuKit s nf (><< i r' m ! ranging 
bona water-soluble salts to relatively immobile forms 
lodeed within the crystal lattice of primary inineials. 
Second, the concentrations may beexpres.^edas^x/raf<a^i^ 
amounts that are soluble in a specified solvent. Such 
eMiaciaUe quantities %rill vary depending on the solvent 

used and the stR'tiRth of that solvent. Extrattabic 
quantities arc of priiuipal interest to the agiiiultuial 
worker (Brewer, 1966, p. 216) because of efforts to equate 
exntaciable with "available" quantities for given plant 
spedes. 

The objective in this report in lo t-x.iininc die sod as .i 
natural reservoir of lead, llierdore. toul cuticcntralions 
are given here because they indicate die potential ability of 
the soil to supply lead (Mitchdl, l964,p.93i).lnconitast. 



the at Ilia! availability, as estimated by extractabk 
amounts, depends on the interaction of many locally 
variable factors. 

Average values are commonly expressed by eiilier ilie 
arithmetic mean or the geometric mean. The familiar 
arithmetic mean is the sum of the values divided by the 
number of values. However, frequency distribudons of 
trace-element concentrations in soils tend to be more 
nearly symmetrical on a logarithmic scale; therefore, a 
logarithinic tramlotmation is appropriaw. The best 
estimate of the most typical value in a lo^-notmal distri- 
bution is given by the geometric mean, which is the anti- 
logarithm of the arithmetic mean of the log values 
(Miesch, 1967. p B I - B2) Thf arithmetic mran will always 
be greater than the geometric tiiean. Many authors fail to 
identify which kind of mean they have used; therefore, the 
arithmetic mean is assumed to have been used in the 
Uteiature cited in this report. 

CHEMISTRY OF LEAD IN SOILS 

The migration and ultimate distribution of lead within 
ihe soil result fnmi combinations of factors that include 

f hfmiral prtxe^ses such as oxidation and reduction 
reaction^, ad»utption of cations on the exchange complex, 
t helat ion by organic matter and by other metal oscides, and 
cycling b\ vej^ei.iiion Most of these processrs are iti turn 
influenced by the regional Unoib mvolvcd m soil 
formation— climate, biota, topography, and, especially, 
parent material, all operating through time (Jenny. 1941). 

Entrapment is one form in which lead occurs in the soil. 
A siudv of the .soils in Bulgaria, forinsunce, showed thai 
most of the lead occurred as incliuiotu in iron and 
aluminum hydronKles and in calcium caifaimate 
(lonlanov and Pavlova, 1963). A small amountof lead was 
also present as pyronwrphite (Pb,Cl(POf),). 

Lead lends to associate with the soil minerals in other 
ways as well. Lead is presiimrd to be adsorbed rctidily onto 
the exchange complex oi clay minerals and is icplaccd 
oidv Willi difficulty (Mitchell, 1964, p. 337). Divalent lead 
should be adsorbed more strongly than monovalent 
potassium whidi has a similar ionic siie (Goldschniidt. 
ISM, p. 402). The enrichmem of lead in the B hotiions of 

4S 
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•ome (oils has been attributfd in part to the prnencv of 

excess clay (Presant, 1971. p. 57), Lead also asvjciaiCi ^- iib 
amorphous iron sesquioxide axul to a lesser extent with 
alumjnuni •nquioidde (MitdieU, 1964, p. 9S7). Although 
he did not specifically study lead, Jenne (1968) found thai 
hydrous manganese and iron oxides play a predominant 
lole in amaolUng the filiation ol several heavy metals in 
the transinon serirs Thp sesquioxides and hydrous oxides 
may occut ai> i>uriac e rna ungs on particles of all sizes and, 
lfaoefbic,eMl exert an influence that is out of proportion 
to their concentration. Lead %vas found cononttMed in 
that portion of the soil that was soluble in acidiGed 
hydrogen peroxide ( l aylor and M< Keiuie, I96<i). The 
soluble portion includes manganese minerals, organic 
matter, and other loliible minenk and lala. Presani 
(1971 ) found lead associated with free iron oxides in the B 
horizotu of New Bnmswkk soils, but the correlauon 
coefiidient urn* not wignificant 

In general, most metals lend to be more available under 
acid cunditiuiis than under alkaline conditions (Hodgson, 
1963, p. 141-144). In one study, planu grown in soils to 
which lead had been added looic up moie lead from acid 
soils than alkaline soils, but the effect was confounded 
scmiewhat by differing amounts of organic matter 
(MacLean and otbm, 1969). A summary of the composi- 
tion of toils fimn Wisoonsin. shown in table 15, suggests 
thai greater total amounts of lead are found in the more 
alkaline soils; thepH-dependent stability of metal cnganic 
chelates may aid in explaining diis disoibution. Plesant 
(1971 ) found negative correlations between total lead and 
pH in all soil horizons except the Aj horizon. The effort of 
pH may be the indiicct consequence of micn^iological 
acti>'ity which in turn controls the oxidation and reduc- 
tion of iron and manganese (Hodg!>on, 19t>3, p. 146). 
Studies of the distribution of the heavy metals within the 
soil profile ixued on pH alone noay fail lo give consistent 
results. Instead, the sofption-desoi|Nion exchange process 
should be viewix) in ;r -ms <{ both the Eh and pH of the 
soil-water system, (Jcimc, 1968, p. 342). 

Ihe mov«maitof ncttlsduting theweathetuigpiooess 
by means of oiiganicchelatingagents is another inportani 

TaSU ISw— ful couirnlratiutn i>i rr\idua! ioiU /tom WuCOMWI, 

grotiprd acfordmg lo pH 
(Dan tnm camfmm m^-tir 'M iIk- VS- r«<ol«vKal Survrs. umi.lrA •tA\r<tr^i tn H 
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proem in the chemistry of lead in soil. The Ibllowiiigdis- 

I ussion h Iwsed on a review of these processes by Pauli 
(1966). The creation of organic dielating agents by 
biologic activity serw at one of the most effective 
prrKesses of metal mobilisation. These agents are either 
plant products, microbial metabolites, or humic 
compounds. The humic compoimds, also known as 
huniic acids (Drozdova, 1968), are thre< -dimension ! ! 
iiiierlinked, aromatic polymers tliat resuli from the 
reaction of heieiDpolycondensation. This reaction splila 
simpler compounds and reconstitutes them into a more 
complex heteropolycondensate (polymer), some units of 
which are possibly linked together (chelated) by heavy 
metal cattons. At the molecular weight of the polymer is 
liuild up throu^ additional pcrfyoondensation, a 
tomplfv ! iKiL e structure with diverse interconnections is 
developed. Thus catioiu, molecules, and even mineral 
panidet nay be enmeshed within a protective "cage." 
Clay minerals, csfxxially those encrusted wirh iron oxides 
and hydroxides, adsorb the polymery, and even 
accommodate the smaller moleciilei in inierlayer 
posiiioiu. 

Metals initially becmne chdaied aanrding to their sus- 
( epii b i 1 1 1 y , competition from other meuls present, and the 
nature of thecomplexingagent. The continued fixation of 
the meul ion depends on the stability of the polyitier and 

its ability to resist the forces of degradation The nn tal 
binding force generally diminishes with increasing 
acidity, as wt have seen. Ejqjeriments with atldum- 
humatcand kaolin showed that lead was held by bcjih sub- 
stances at pH 5 but was released cuinpktcly at pH 1.5 
(lordanov and Favlova, i96S). Further, the complex 
polymers are more resistant to microbial attack than the 
simpler organic compounds. Caie ( l^d9) suggesu, diat the 
meial ions might be released from the ptolymer by an auto- 
catalytic deaimpasiiian pmoeis. He tpecuUies that in the 
podioluation ptooeas, lead is cycled (o the groimd surface 
Ii'v i 1,'gcLation, is corr.jjli xn] tj\ the 1 miaic polymers, is 
uanslocateddown in die pruhle, and finally, is teleased for 
subsequent preripiiatioa at the lower depdL Gate's modd 
may approximate reality but it apparently hdlsloaccount 
for the lack of abundant movement of lead in weathering 
profiles 

Finally, the amounts and types of organic matter 
pteM:tu appeal tu provide an important control on the 
movement of heavy-metal Um In toil tysiemt. Evidence 
that tuggnu the importance of organic matter is 
summarized (Jenne, 1968, p. 340) into four categories: (1) 
known chelating ability of both synthetic and natural 
oiganics. (2) ability of plant material extracts to leach 
metals from toil material, (3) positive correlation found 
between concentrations of metal and organic matter t f ihi 
soil, and (4j release of metals diuing oxidation treatment 
of organic matter by hydragen pewwode. Theassodaiion 
of lead and ocganic matter is not always empirically 
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luiuiiteiii huwevrr. For example, the resiulbi in tabic 2U for 
tropical sollt show no appntM lead-otgank matier 

fetation «.hip 

INFLUENCE OF PARENT MATERIAL 

Parent material has been recognized in some cases as a 
fundauDCiiMl eoanol on the concentration of lead in the 
soil (SwaineandMiichell, 1960; Hodgson, 1963; Mitchell. 
1964. p. 321; Fleming and others, 1968) and. among the 
various regional factors in soil fiXinalMin, it thus deserves 
special attention. The kad conoeninlion o( immiiturc 
soils tends to be conrelaied directly wid) tuconcmtnition 
in the parent material. Thus inosi of the averages reported 
for lead in toiU are similar to the average concentration of 
16 ppm (GoldKhmkh. 1954, p. 996) of lead in the Earth 's 
upper liihospherc. As weathering progresses to a tnore 
advanced stage, other pedogenic factors may modify the 
diMribttdon ol lead within the loil prafik (Wdb. I960; 
Tiller. 1969). 

MSTMBirnON or UAD IN SOfL§ 

An extensive review of the literature on the lead coiueri- 
tration in «oiU wa$ given by Swaine (1955. p. 83-87). In 
roost khIs from nonroineraliied areas, concen tr ations 

range from 2 to 200 ppm. Average concentrations in these 
soils are generally between 5 and 25 ppm. Vinogradov 
(1959, p. 155-157) reported an average of 10 t^im lead in 
RuMian zonal soils (see (able 16); these result? rompared 
well with dau from the literature, which were generally in 
die lange of 10-50 pfMu. Other setecied smnmary I 



from the literature and unpublished data ut the U.S. 
Geological Survey are shown in table 16. Typical 
concentrations of lead in lopsoils range from 10 to SO ppm. 

The concentration of lead in selected Scottish soils 
developed in a cool humid dimate is shown in table 17 
(Swaine and Miicheil. 1960). The higher concentrations of 
lead appear Id beassociatBd with granitic parent material. 

Unpublished data from files of the I' .S. Get>logifal 
Survey, which are summariied in table 18, indicate no 
important difCeicnoet between the ooncentnMion of lead in 
the p>areni material and that in the soil. Other data given in 
tables 19, 20, and 21 illustrate a range of lead concen- 
trations in soils developed from different parent materials, 
llie majority of values are less than 50 ppm and often less 
d)an 30 ppin. In general, llic results arc inconclusive in 
establishing soil/parent material relationships, because 
the natural variations in parent-naterial composition 
probably include the range oflead values observed among 
the sfjiis I iirilir i 1 tn. ( SI [i;ation in particular localities of 
interest to detcmiiiic tlie magnitude of vahatitm in both 
the soils and the parent material is necessary before 
mraningful relationships <:;in hi- ir riiiriiized. 

The trace-element relationship between soil and parent 
material, if it exisu, should permit prediction of the 
composition n( tbf one from knowledge of the other. 
Ocrtel ( 1 961 ; lonc ludcdon the basis of soils from Australia 
and Tasmania that such a prediction could not be satis- 
factorily reached; that is, a linear equation failed lo 
desaibe the iclalionships accurately. However, a similar 
study of idected Belgiwi soils by Pmbhakaran Nair and 
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Cotienie (1971) rrji(.hcd just the opposite conclusion, I hc 
accuraqr of pRdiction imprnvied by grouping die aoib 
within laxonocnic claun. 

Tahje 17.— Lead t orumimi»on$ (in p/m) in t^ttttd SecUah toib 
4m toped fnm <lifftnnt pwnt nuHeriaLi 
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GEOGRAPHIC DISTRIBUTION OF LEAD IN SOILS 
OF THE UNITED STATES 

The distribution of lead concentration in soils and cMher 

suifirial materials at 964 sitrs throuFhout the United 
States is shown in figure 8. The synibuls on the map 
repment concentrations within selected faequency dasies 

as shnivn in the accompanying histogram. The distri- 
bution map IS modiiied trom Shaklette, Hamilton, 
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Table 21. — Dulnbuium of iead coiuentnlion m toil ptojtUi ftom 
the irmperale climuk tarn 
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Roerngrn, ami Bowlf s (1971) wiih HH ,i<idi(iniial sample 
valuta added. I lic sampling silcs were iocauxl at approxi- 
mately 50-mile iattxvals,BndfMn|>les were collected either 
along highways or within various geologic study areas. 
There is some risk that the distribuiion shown has been 



modified by lead fallout along the highways. However, 
collectors were asked to select quiet tutsl toads if possible, 

lo.ivoiil roadc vjls or fills. lo move away from the roadside, 
and lo sample at a depth of about 8 inches (20 an). Studies 
in the vicinity of highways show that the amoimt of lead 
derrrasfs very sharply within the fitsi fi inches (15 cm) 
depth of soil (LaKei vvtrif and Spccln, 1970; Motto and 
others, 1970). Thus, the risk of modification by fallout is 
believed to be minimal. TTir rcadei sfiould avoid 
inferences about any single value, but radicr cxumintoniy 
patterns of larger regions. 

The largest regional patterns examined by Shaddette 
and others (1971) were "eastern" soils versus "western" 
soils. Tins division between east and west was established 
along the 97th meridian because that was ttie appnud' 
mate boitndary between Matbut's (1935) pedocals of die 
west and pedalfersof the east.' Italsocorresixjiids approxi- 
mately to the division between moist soils of the east and 
dry soils of the west <U.S. Geological Survey, 1970. p. 86). 
The mean lead cos^! rnrmtion in eastern ivoi! samples is 14 
ppm as comparitl vs iiii IH ppni for western soil samples. 
Although the difference is small, it appearsto reflect a real 
difference in the background lead content of soils of the 
two regions (statistically significant at the 95 percent 
confidence level). 

The histogtam in ftgiueS shows thatabout 94 percental 
the samples have lead concentrations that are equal to or 
less than .SO ppm. About 58 percent of the samples have 
conccnuaiions equal to or less titan tlie mean of 16 ppm. 
Thus, most of the sample sites across the oonntty are 
typified b\ < oik eniraiions of l .'j-30 ppm, with few distinc- 
tive local geographic variations. Regicms having many 
sites widi lead concennadons below awetage include the 

Atlantic Coastal Plain and Cull Coastal Plain fromNbnh 
Carolina to Texas, the High Plains of west Texas and 
southeastern New Mexico, the Lake States of Michigan, 
Wisconsin, and Minnesota, and parts of the northern 
Great Plains, particularly the Sand Hills of Nebraska. 
There were even fewer R'gional instances of above-avtrrage 
concentrations, alihou^ roost o( the sites in Colorado 
exhibit above-average lead concentrations four samples 

with concentrations of 100 ppm were collet led in the 
western half of Colorado. Otherwise, high concentiaiions 
in the range of IO(V-760 ppm are found only at widelyscat' 
tered and isolated sites in the I'nitet! States. 

The distribution of lead in soil has been studied in detail 
in Missouri, which has large lead deposiu and a well- 
established lead mining tndtisiry. Samples of agricultttral 
soils weic Golkcfed exfensively thtoughout the &ate torn 
die stvface horison <D-6 in. (0-15 cm) dqxb), through the 
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W LfcAO IN THE 

cfx^ieratjon of Missouri fannm and the Extension 

Division of ihe University of Missouri. Ten samples were 
collected in each ol the 114 counties of the Stale. The 
samples were analyzed setniquantitatively for 45 elements 

by emission spe» imgraph (Myers and otlit ts, 1961 1 Thf 
lower limit of determination lot lead by this method is 10 
ppm. 

TTic distribution of lead rrvcalt-d by thr anahsrs is 
generalised in fignic 9, and u addpu-d hum a nioir detailed 
distribution iiia|> In Tidball (1972. p. S9). The inclusion of 
a few high lead values from the lead mining districts 
results in an estimate of the mean of Missouri soils of 20 

EXPtANATION 
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Fir.', n; 'I — Hiiiiii<i.iin ^Imwiiik: li .ul ■ hk i Mii.iiiiinv m Mi^-. i.ni yi>i\ 
kdiujjii s ,tiid liut;j stitfU i]ii; i^Mit l.ll lll^tI^lnlll( ■!! 1 1 II i nu; I n n 1 1 llit Sli[c, 
PhysK.ii ili\ivi.iiis liniu Ii iiiH ivi.iii il!>M':; iiutjini^ <]i^iii( [ lioin 
kUiJsgMid, llayrv •iiid Mn'l (IW)7>; »Uili»tio cakuldtrd according 
iaMicKh(l967). 



ENVIRONfclENT 

ppm as compared to the mean for eastern United Sutes 
soils of 14 ppm (fig. 8). 

The highest lead concentratiottt were found in soils in 
the southeast' Missoini lead belt. These values may 

i( [)i( st n( < iih(-i n.iiiit.d ik ( iittciurs of lead in the soil or 
aritifical occurrences resulting from mining activity. 
Some highly anomalous samples, languig in oonoen* 
(ration from 700 to 7,000 ppm and collected from agri- 
cultural fields Oil the iluud plain ui Big River, are believed 
to refit c I iht mineralised zone. Upstream from the sample 
sites Big River flows through the center of the mining 
district that has produced more than 90 percent of the lead 
ores mined in southeast Missouri since the deposits were 
discovered in the area in 1701 (Kiilagaardaiidothm, 1967, 
p. 50). Other samples with lead coneentrations ranging 
from 50 to 150 ppni wrrr obtained from iifjlands within 
the lead-belt areas and may reflect conditions less 
influenced by mining activity. 

The Big River flood-plain samples also contain 

anomalous cnnrpntraiion'. of barium which arr brlicvrd 
to originatr liom im|Mrtant near-surface hariu di (x»siis 
dial art located just northwest ol ihr lead belt. Numerous 
small barite deposits also Occur along the northern flank 
of theOzark Plateaus.TliesedepositsIiaveaocessoty galena 
(lead Milfidr) which may explain the band of above- 
aven^c lead values occuning in the soils of this area. 
Othv mining (fimici* in aouthMcai Mitiouri have not 
been clearly delinoited by the soil samples. 

Below-aveiage concentrations of lead were found in two 
largf areas of the State, as .shown in figure 9. One of the 
areas in northwest Missouri is associated with prominenl 
stiifical deposits of glacial material that at one lime 
piubiibi) covered the entire land.srape, but subsequent 
erosion has exposed the underlying rock in many places. 
From 67 to 100 percent of the land is covered with Uxss in 
deposits ranging in depth htim4feet(I m)tomatretlianS2 
fcri (10 m) (National Rtsratch Council, 19.^2). The 
average (gromethc mean) conccnuation of lead in loess in 
Ihe bluffs akmg the Missouti River in this atca in nttrth- 
west Missouri was estimated to be 15 ppm (Connor and 
Ebens, 1972, p. 12; R. J. Ebens, oral commun., 1971). 

The second area of low-lead soils is in southeast 
.Missouri and comprises the Missi^^ipJ)l .\llii\ial Plain 
and the central part of the Ozark Plateaus. Soils on the 
alluvial plain area ate developed on alluvial imtoials of 
both Tdii.tiv .iiiil Qu.itcmaiv ai;<"> Soils of the Ozark 
Plateaus area are on a very old landscape being developed 
from highly weatheted residutnn of carbcmate rocks of 

Ciimbriaii and Ordovirian agfs. ThfSf w>ik lend to have 
beli>w -average ( oiurntiutioits ol numerous trace elements 
in additon to lead. 

The remainder of the soils sampled ihion^lioui a wide 
part of the State are characterized by neat -average tuncen- 
nations of lead that taitge from about 15 to 90 ppm. Mom 
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of ibis aira rxhibm (.oiuiiktablt- local vaiiauun wi(hin 
this midiaiige of kad ooncentniion. 
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LEAD IN VEGETATION 
B7 H. L, Cannon 



Lead OGCurt namfaliy in mall amounts in all planu, 

but the avrra^f t onrrntrriMon of lead in vegt'talion in 
highly populaied (oururiei> ha& risen in the last several 
tfaiOMlct owing to man's activities. Becattse o( this 
coni amin aiion bom arufidal iead« it is impartani that 
information on lead concentrations in plants be docu- 
mented as to both (late uf lollectiun and liHadon with 
respect to sources oi m a nm ad c lead. liiforinauun Irora 
primitiw anas on le»i in vtgetation b therefore of priiM 
value and should be collated and preserved. Only hy 
compairisoa with such inionnalion can the eifecu of 
iMCMm-dar oHHaniinatioa be praperly autuei. Finally, 
averages for lead contents in \eg('iatiun are affei led by 
natural variation in and among plants owing to 
difference in Matonal uptake, ipcdci, pam of the plant, 

THB nOGEOCHEMlCAL CYCLING OF LEAD 
Bormann and Likms ( 1967) hasT pointed out that in the 
biological community the veiiitaJ extensions of the 
terrestrial ecosystem will be delimited by the top of the 
vegetation and by the depth to which roota penetrate into 
die regolith, and that the temstiial ecosystem participates 
in the varitjus larger biogeochenni al odes of the earth 
through a system of inpua and outputs. Thus, if we 
conridrr the geologic input, the weathering of the rocks 
will provide to the wjil \xnh elements incorporatett in 
primary and secondary mmeraisand soluble ions that may 
be diitotved in Ihe toil solution or adaoibedon the clay- 
humus complex. The degree of arnimulation or loss in the 
ecosystem will vary with the rt-<>ponse of a particulai 
element to erosion and leathering. MacLean, Habiead. 
and Finn (1969) studied the upuke of lead by oats and 
alfalfa in soils with different levels of lead chloride, 
Olganic matter, and pH. They found that low humus 
ooniem and high addity of the toil increase lead uptake. 
Lead, although not Tcadily soluble, is absorbed by 

plants and storeil in woody (issue tu a considerable degree. 
An unpublished study of the uptake of lead by native 
plants and vcfeiabict growing on various rock types in 
Hagemown valley, kiaryiand, made by the author in 



1958-59. suggests that there is a buildup of lead in die 

feTT«tria! ecosystpm, inasmurh as mpdian \*alues increase 
from 1 1 ppm in rocks lu 33 ppni in residual soils to 93 ppm 
in the ash of native vegetation in this particular area. 
Unfortunately at that time no comideration was given in 
the possibility of atmospheric lead, and the higher values 
in soils and vegetation probably reflect contamination 
from car exhaust. A similar progressive increase bom 
neks to vegetatian was found by Loonamaa (1956), who 
studied native vegetation on various rock types in 
Finland and found lead to be concentrated in twigs and 
roots. Elsewhere, native vegetation and soils, largely on 

sandstone from the Navajo Resersation in New Mexico, 
were collected by the author in 1961 and 1962 using the 
sameoirilection methods as those tiaed in Maryland, butat 
sites considerably more rrmotc from roitds. .\nalys« 
showed a mean concentrauon of 20 ppm lead and a rangc 
of 5^700 ppm in the ash of 101 native plants that were 
rooted in soils havinga mean of 18 ppm lead and a range of 
only 10-20 ppm. In both Maryland and New Mexico, the 
leaves of deciduous trees and the two most recent years of 
twig growth and needles of contters were collected^ The 
vastly different means of lead in plant ash firom New 
Mexico(20 {jpmjani] fiDin Maryland {93 ppm) arc ftirthrr 
interpreted to suggest the possibility of atmospheric 
contamination in the rriativdy more populated area of 
Maryland A < omiMrison of the c y Hng of lead fiont soil to 
tree leaves to huinu^ (ur uncontaminated and con- 
taminated areas is given in table 22. 

The data suggest that lead is not concentrated in (he 
humus under ordinary conditions, but diat in areas uf 
mining and smelling lead contamination of the humus 
and soil is largely unavailable to the vegetation or is held 
in the root and i* not translocated to the upper portions of 
the plant to any ajjpnxiable degret\ 

Bolter and oiiicrs ( 1 972} made a more recent study of the 
cycling of lead in the soolled Viburnum iWid, or New 
Lead Belt, in si unl,! ,11 ? n Ml .m >.y. i S. \ eral hundred soil 
and vegetation »aniple» were coUtxicd and analyzed to 
Qldineaie anas of antmaious high oonoenirations cauaed 
by the mining and smeltingactivtiy. Elevated heavy metal 

ss 
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Table Zl.—Cytlmg of lead in dtJInent envifonmenls 
lljw*n (_t M(Mr Ami 
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concentratknu in soils were found to be mainly restricled 

CO the humus and lu ihc A horizons. A l.itgppariof the lead 
found in samples of ieavn of vegeiaiion H-as thought to be 
lewl pieseni on tlw surfoce of the leaves. 

BACMGROUND LEAD CONCENTRATIONS IN 
VEGETATION 

Before manniadr rontaminntinn ran be c%aluai«lor the 
effect of mineratuetl ground apptaised, the normal 

conocniTations of lead that might be expected in various 
types of vcgeaikm must be detennined in samples from 
primitive aieas with no nunmade contamination and 
from results of sampling many years ago before manmade 
contamination had occuiTed. Warren and Deiavault ( 1962) 
proposed, on the botsu of analyses of iincontaminafed 
Canadiari plariis, that the normal lead content of ihv igs 
of trees be considered as ZJb ppm in the dry weight and 50 
ppm in the ash. They also suggested that the notmal lead 
content of vegclablcs and rrrral grains, u hirh absorb Irss 
lead than trees, be lakt-n a<, ranging from 0.1 to I.Uppni in 
the dry weight and from 2 tu 20 ppm in the ash. Mitchell 
(1965) reported that in spring and summer pasture herbage 
normally contains less than 1 ppm lead in the dr>' weight, 
but that in autumnand winner it may osniain several times 
this level. 

However, unless the samples are collected from ground 

known to be unminerali7t-<I and art carcfiilh strtxncd to 
exclude any possibility of manmade conuminaiion, a few 



very high values will unduly raise the arithmetic mean. 
For diis reason, a ttetter measure of the expected "normal" 
value is the median concentration, as has been calculated 
for various classes of natiual vegetation and given in table 
2S. 

Thv kad medians for 193 deciduous uee tips (all from 
paloverde trees) and 131 leaves and stems (mostly from 
creosotebush) are ocmsiderably higher than values for 
othtT plants and may represent grratcr abiiorption of lead 
by these spc4 les. Large concenuations uf lead are found in 
lichens and mosses, which are very slow grawfaig. The 
normal levels of lead in garden vegetables are more diffi 
cult to establish, inasmuch as they are generally grown 
only in populated areas that are subject to airborne pollu- 
tion atld contamination from sprays. The resulu of 
analyses for lead in vegetables have been studied most 
intensively fjy H ^' Warren of British Columbia ( Warren, 
1972; Warren and Oelavault. 1971). N4edian values from 
his data and those from Kehoe (1961) are given in table 24. 

A ronrrntraird effort has recently been made by Warrm 
(1972) lo determine the "normal"' (presumably median) 
coruentrations of lead and o<her metals in vegetables. He 
concluded that variations in trace-element mntent of 
i'egetables of both urban and rural areas are grtaiei tlian 
have been generally realized and suggested a normal range 
for lead of 16-40 ppm in theash or 1.6-2.0 ppmin the dry 
weight These values are twice those he suggested earlier 
(Warren. I%1). 

Median values for lead in vegetables that I coUecied in 
I961-6S in New Yoifc. Maryland, and New Meidcoarealso 
show n in table 21. In main of tbe samples the amounts of 
lead were below tiie lunii of detection by the spectro- 
graphic method used. All the samfto of beet lops and 
onions and most of the ( abbaKf sani[il'-« h ul 10 ppT! or 
more lead m the ash. The median lead ui iheaiy ueiglit of 
1 1 1 vegetables was < 1.3 ppm and that of 16 fruits about 
0.25 ppm. One hundred vegetables collected by H. T. 
Shadclette tn 1961 (written commun., 1961) from driftlesa 
and t!rift(o\ered areas in Wisconsin, Iowa, and 
Minnesota were analyxed coiorimctrically by a method 
having a lower limit of detection of 2S ppm for lead in the 
ash Tliese vegetables were found tocontain about 25 ppm 
lead in the ash or 1 .3 ppm lead in thedry weight (table 24). 
A few of his samplM were undouinedly coHecied bom 
minerali7ed ground. Both .seLs of valuer are lower than 
iliuse reix>rted by Warren (1972), but correspond rather 
well with those reported by Kehoe ( 1961 ) and suggesittl by 
Warren and Delavault (1962). The possibility must be kept 
in mind that many of Warren's (1972) samples from Great 
Britain were collected from Wales, where background lead 
in the soils and vegetation is considerably higher than 
normal, because oi loiigHnminued lead mining activities 
that have ec >n laminated the valley alluvium and port'dty 
soils with lead. 
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SEASONAL VARUTIONS IN LEAD 
CX>NCENTKATiONS 

Tbe aeaaofMl variaikm in the chemical composition of 

planis h.is been rf-f>oTtrd bv many workers, hut fw sui(lic<, 
have included (hr cirtnrnt lead. Guha and Midhell ( 
however, itudied (easonal variationi of lead in three 
dec iHncnv ircrs Thrx rrjx)rtpd thnt ronrpntrafions in che 
dry wtigntof IcavLsdtcrta.'.cd Iruin .May K.t June, owing to 
dilution from rapid growth, reached a maximum in mid- 
Sqxember» then decieased slightly in October, a pattern 



wtiit h sutjKcsts a bark transltx atinn of lead into the twij?. 
ConcenirattcHi^ id ilie pcuoie, blade, and inflorescence of 
sycamore arc shown in table 25. Oment studies in greater 
drtail <R L. Mitchell, oral rommun.. 1972) show asharp 
t>cak in metal content in the early spring before the 
dilution drop. 

The differences in concentrations of elements resulting 
from variation in uptake by species, parts of the plants, 
and season of collection were detennint d iisiiiK (out trees 
growing on imminenili2ed schist in a remote area of 
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Colorado more than half a mile (0.8 km) from the nearest 
road. The leaves, twigs, wood, roots, and, in some cases, 
fruit of two conifirous ir«s, Pinus ponderosa (Pondcrow 
pine) and Pseudotsuga taxifoUa (Douglas-fir), and two 
dcddiiow tpeea» Popuhu Uwmuhidts {aspen) and Acer 
^aktum (mouniuii maple}, were nrapled in qiring, 

^1 Lead in garden produce 
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summer, and fall and analyzed for lead (table 25). Each 
value represents an average of several analyses. A drop in 
lead (x i uts asexpet ied in the summer collections of pine, 
Douglas-fir, and aspen leaves, but not in maple. A drop is 
apparent in young twigs— again as expected— but alio 
(Xnirs in cither the older twigs or older ncrdlcs. As might 
be expeaed. the seasonal differences in older twigs are ncN 
sogreat nor ao consjMcntas in young tidgafnanyipedct. 
Hnv. t x rT. the fact that seasonal differences of a.s much as 
four to nine iinie$ can occuT in the young twigs and leaves 
of trees argues in favwoiiaaldiigall theoaUeciioiisfaraiiy 
project during the same month. 

For prospecting purposes, Warren (1966) advised 
collecting older growth, preferably second year, which 
varies less seasonally in i c adco n tentand tnore consistently 
nflecii ancMualous lead ooniena in die soil Chan do iNlwt 
aooetsibk parts of the ttee. 
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VARUnON IN LEAD CONTENTS WITH 
PABTSOFFLANT 

Lead con tenu var>° greatly in diileseiu pans of the plant. 
Jonei (1969) reponed hi^er ooncentratiooft of lead in 
kavn than in snm* of kale and rape. John and Van 
Laerhoven (1972) found thai the leaves of lettuce and 
q;Mnacb and the tuberotu portions of radish and carrot 
plants aconnubted nmfcedly hi^wr lead conomtnlions 
than did the heads — the cdiblr firirt;™-!'. — of cauliflower, 
broccoli, or oau. Cuha and Mitchell (19(i6) found nxire 
lead in leaves than in Menu of four deciduoui trcet. The 
data for aspen, maple, pine, and fir in Colorado (table 25) 
indicate considerable variation in different paru ol a tree, 
as vk e 1 1 as V station depending on season. Gertaialy in die 
conifers (pine and Douglas-fir), large concentrations of 
lead are stored in older twigs arxi cones. In the spring 
collection, Douglas-fir contained 5.6 ppm lead in the dry 
weigh* of kaves, 18 ppm in the first-year twigs, 44 ppm in 
older twigs. 32 ppm in cones, 14 ppm in wood, and only 
1-7 [ ['"' in rtx)ts, Luunamaa (1956) cfetnonstratcd a 
definite mcTease in concentration of lead in toou. This 
mcKBie is not appai a n in (he data bom Gohndo. but 

large concentrations have been observed in roots of plants 
growing in highly minexalized ground. 

SmdaM and Aividt <197S) hawe meanuied lead uptake 
by sugar beets, cf^m fx :m^ and wheat grown in hydro- 
ponic stdutions and in soil containittg various levels of 
lead niliale. Lead uptake by and disdibution wuhin the 
planu were directly related to the concentration of lead in 
the solution. Lead was concentrated in the root with 
limited translocation to the shoot. Similarly, the primary 
leaf of pinto beans couiained less lead than did the stem 
but always move than the trifolfate leaf. The following 
table shows that massive arnounis < ( !' i<I an Ix' absorbed 
by a plant when the metal is present in an available focm. 
iVanslocation of lead is inocased with inctcasin g concen- 

mtion from 100 to 1.000 ppm in thr Ph'NO,), medium. 

In vegetables fed lead in a nuuteni »uluiion. Motto, 
Dasnes, CSiiUco, and Mbtio (1970) teporad as iniKfa as an 

eightfold increase in lead content of leaves, vyiih a mrres- 
punding increase of as much as fortyfold (to a maximum 
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of 764 M g in dry weight ) iii the roots. Shackkiie ( 1 963) 
fouiKi an average of $32 ppm lead in leaves and 3.84 ppm 
in branches of 22 samples of American elm collected in 
Wisconsin in nonmineralized soil. 

Samples of c^edar and oak thai I collei ted for b»ack- 
ground material in Missouri had the following (»iKen- 
crations of lead* in partt per million: 
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The analyses shosv that, as cnmpar«l to the bark, wcxxlhas 
a low lead content. Similar data are shown later in the 
^^ift^iMM^ of lead oonteiUB in tncs on contaminaumi 
ground. 

Kennedy (1960) sampled needles, twigs, and cones of 
seven coniferous species in the Coeur d'.Mene, Idaho, lead- 
zinc district and foimd marked accumulations in the 
twigs, with a maximum of ISO ppm in the dry weight for 
Douglas-fir i< ; oonoenirationi in roots and humus 
%vere ikm measured. 

The coneenOfMions of lead in peeled and unpeeled 
vegetables and fruits were comparfti :ri :i study ofpiOlluoe 
from Washington County, Md. [table 1^6). 

Although these analyses include the entire wegeiable 
and do nc)igivea s**p^rate value for the skins, the difference 
between peeled and unpeeled produce is strikirtg. 
Similarly, the contrast between the relatively highoHMen* 
trations in the lOfH oops and the relatively low ones in 
fruits reflectt a true difiereiKe in distribution of lead. 
However, the values in the leafy vegetables, even though 
washed, may ha ve been raised by vehicular exhatui lead, as 
many of the gardens %vefe in oontamtnated anas. 

TaSLS 26. — ConcenlTalums of trad m unpreled and pefUd garden pro- 
duce from .Manla'id 
(Aminu Chmm Oik. ( F CcmVy. n ] )mr>ri)v. H (. snnan. us Grataital 
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raVSIOUIGICAL EFFECTS OF LEAD ON FLANT 

GKOvrm 

Lead is noiconsidered to be an element essential to plant 
growth, although Stoklasa (1913) repoited that lead 

niiratr in small amounts increased thegrowth of plants; in 
large amounts, however, it proved toxic. Tsetsura (i5H8), 
also using solutitms of lead nitnie, leponed an inoease in 



Digitizixl by GoOglc 



5fl 



LEAD m THE ENVIltONMENT 



the gertninadon of seeds at low lead conrnitrations and a 
reiardaiion at high levels. One questions whether the 
stimulaiion in both experiinents may not have been 
caiued by the nitrate ion. Usinftlead acetate, Bonnet ( 1922) 

found that IcaJ u,is rc.idih taken into rhr i<n>i hm that 
link wa» uansilocaied tu the leaver. Transpiration was 
greatly dinunUhed, and the roots were short at>d thin. 
Seeds of niaiiy jilanis ucrc found lo Ix s( nsiii\r to \i-m\. 
but cx>rn was ver>' tolerant and germinated after being 
soaked in lead acetate for 19 days. Hevesy (1923) used a 
radiuisutopi- of lead to trart- the liK-alizniinn nf Irad in 
different parts of the plam I 'uta /a^aihui^ilxan i ( 0.3 
percent of the lead was taken into the root from a 10-^ N 
solution in 24 hours but 60 percent of die lead from a 1 0 * 
N solution was taken up in the same length of tinte. The 
perc cntage of lead that is translocated to the tops is greater 
in concenuated solutions because the roots arc capable of 
binding neatly all of the lead in dilute solution. When the 
[>I.Ull^ ucit inoMi! lo diffciiiit s<)Iuti(in\, Hevesy found 
dial the tagged lead could be readily interchanged wiUi 
other lead atoms or with copper atoms but not as readily 
with cadiniutn. ?inr, rhromiiim. hariujii. ot MKliuin 
atoms, lie also Icnind diat lead uptake by plants is not 
dependent on the absorption of water. 

Hammet ( 192*'* stiidifYj fhr effri rs of h-ad at the rfllular 
level and found that lead retarded ilH prohkiatuju while 

it allowed the cells lo increase in size, lo-ad is mo'.t 
concentrated in areas of greaiesi mitotic acii\iiy (the area 
of rapid elongation), where a reaction taki-s place between 
the lead and an organic sulfhydryl. 

Culture experiments by Scharter and Sctuopp (1936) 
showed thai com and rye were particularly resistant lo lead 
toxicity bill iliai f),iil< \. o.n-,, ,im! ( s)k-ii.iIIv whi-.ii ucrc 
sensius'C to lead poisoning. Recent sand culture studies 
with com by Miller and Koeppe (1971) have clarified in 
s<'\fr:d n ^[K ( iIh rfft tis of lead on plants in relation to 
oiIH'I -iiibstanit.^, paiticularly pho.sphorus. No effects on 
growth were noted when lead was absorbed under 

phosphorus-suffn ient < < mdii i. in'-. tnit iindf-r pfisopfinrus- 
def icieni conditions grou ili v\ .iv maided and corn died at 
a level of 6,000 fimol lead, f in age of the plant at the time 
of lead treatment was also found to be important, as the 
effects of lead were much more pronounced on the 
younger plants. Corn leaves act uinulaied large amounts 
ol lead depending on (he amount of lead applied and the 
phosphate condition of the plant; phosphate-deficient 
plants accumulated 5-10 limes as much lead 9i (he 
phosphaie-suflicieiii planu. 

Mitochondria studies (Miller and Koeppe. 1971) show 
that lead afl<'( iv uiiicx fiondrial respiratinn. u hirfi is 
related lo the jiiuj^piiate status, Diaphorase experiments 
suggest that the sit« s of lead action are the specific flavo- 
proteins for ihe oxid^iiion of .N'ADH and stu r inatr Th< 
lack of a lead effect on the oxidation of malate induaies 
(hat not all f lavoproteiiu are sensitive io lead. 



Malyuga (1964) reported that an unusual double* 
petaled form of the large ix>ppy, Papaver macrostomum, 
grows in high-lead soil at Kadzharan. The double-petal 
form is creaiad by a dnper indsion ol the petids, often to 
the base, which gives the impreiaion of eight petals instead 
of lour. 

Other ef fiKU of lead on plants can be wen in the results 

of a study carrird out hv the author nnd I. W. Reirhen in 
19-17. We grev. swieipcas, tomatoes, bluegrass, and violets 
in vermiruliteat pH values of 7.6and5.8and fed (he plants 
increasing dosages of lead, copper, and zinc, bo(h 
.separa(ely and in combina(ion in Hoagland nu(rien( solu- 
tion. The nuiritnisolutionalso con tained sma 1 1 amou n (s 
of minor meuls that had proved sufficient to maintain the 
con trol plants in healthy conditifNi. The objecrives of thu 

experiment were to determine (1) the ul(ima(e (oxic limi(s 
lor these three metals in representatives of several plant 
families, (2) the amounts of these metals that can be 

ahsfnlw d f)v ilii se plants befori' loxic limits art- reac hed, f?) 
the effects of each metal on up(ake ol o(heT me(als. and (4) 
the observable physiologic effectt of these metals on 
jilani"; Tlic ( xpxTunrnt was originally conceived in 
cunncLUoit wid) <>tudies of a muck area in New York Sta(e 
that contained large quantities of zilK and lead (Cannon, 
195.')). Thai experimeni was performed to detennine 
whether (he vegeotion of (he bogs could haw extracted (he 
metals from ground waters draining dolomites rich in zinc 
and whether observable physiological effects could be used 
as indicators of mineniliied substrate. 

In lilt- 1!>I7 siudv, till- plants wt-rv fed the follouiiij; 
solution, whidi was prepared in the laborarory and had a 
pH of 7.6: 

10 rm' MkS(), • 7H,0 
20CT11' Cj(N(),)2 • -IHjO 
b <tn' KHiPO. 

12 on* miam ekcMiui in (Ui I H,0: 
OlMgMnSO* 

.8SrC3iiM« 

75 g lx>ri<: acid 

Iron solu(ion (0.5 percent FeSO<-t-0.4 pcricm taitanc 
acid) was added three timesaweekas0,6cm' /I of solution. 

To lower the pi I of d>e nutrient soluijon fnxn 7^ lo &8. 
10 cm' of (NH4)}S04 was substituted for 10 cm* of 

Ca(NOj)j • 4H2O. After (he plants had bee ome well estab- 
lished, increasing amounu of copper sul{a(e. lead acetate, 
and tine aceute were added to the solution in roilii- 
rqnivalmts for I mon(h until the (olcranre limits of the 
plants were readied. The plants were (hen harves(ed and 
analyzed by dithizone mediods for copper, lead, and zinc 
(onirnis The residn in^-olving lead and it^ en(eractUMlS 
with zinc and copper are summarized in (able 27. 

The up(ake by plants under acid and alkaline condi- 
tions varied greatlv among spec ies .Sweetpeas and siolets 
weie unable lu uke up lead troin the acid soiu(ions, bu(a( 
a pH of 7.6 the vines and leaves of sweetpeas contained as 



Digitized by Google 



LEAD IN VE(;FI A nON 



59 



Tablc 27. — Efleds of i^ad ^nd olhtt tn^taU an gruuih piatif^. iror-: f,ft.f ' ^j"iWi*gk 
netoinrd pp^n Irad C4mirol plxnu wrrr itrrtniiwipil and fti^mrit m m nuinmr w.Ln ji t>M ' 'i ihut trad OHIlHli ia dK ibr * 
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much as 8,200 ppm Irad dry weight. Blurgrass contained 
2,400 ppm lead at pH's of both 7.6 and 5.8. Tomatoes 
concentrated more lead in an arid solution in the presence 
of excess copper aird zinc. The symptoms of lead toxicity 
include ihin weak stems, white leaf tips, brittle roou,aiid, 
in the more loleiant apedes. ds^k-blne-gnen foliap^. Blue> 
grass and violets wereexiiemt-ly tolrt.ini of It-.id and were, 
at the lime of harvest, as healthy as the controls. Certainly, 
plants can eittiact lead fram nutrient lolutian and do not 
appear in geiMiat lo be as aftecied by lead as by zinc and 

COppfK 

ANOMAiX>US LEAD CONCENTRATIONS IN 
PLANTS 

Plants absorb lead in anomalous quantities from agri- 
cultural activity, from the air, Imm miiu-ralized ground, 
Mid from coataiminaied alluviuin aloi% streami that 

drain areas of mining prorp<i<;ing ariivity. I.et us consider 
first the accumulation of lead by plants in mineralized 
ground and the sf>ecies of plants that can grow there. 

Plants rootpii in soils n.jiui.ill\ etuiihct] m metals or in 
soils in whitli the metal occurs in an imubually available 
fonn have hn-n subject to lead accumulation since plants 
fim appeared on the Earth. Although plants growing in 
mineralitMl areas may contain lead at levels deleterious to 

the hcahh of animals, inrluding man, the areas of undis- 
turbed mineralized ground are relatively small and arc 
mosdy in foicsied or uncnhivaied nguxis. Tlieid'oire. the 
greatest effect of lead bam plants growing in a natutally 



mineralized substrate may be on animals rather than on 
man. One excepticm may be vegetables raited coai-> 
mercially on peats enriched in lead. 

riie first .ina!\ses fot le.id in {jlnnis ftoin a initiei.ili/ed 
area were made in Sweden by Hedsirum and Nordsuom 
(1945), who developed a method of sampling itees along 
transects in fawtabl ■ irr n as a prospecting tool. \i ab<nit 
the same time Hans l .nndl>eig (written commuii., liM7), 
in tracing the source of toxic lead in maple syrup from 
Pakenham, Ontario, found thai (he lead had originated in 
sap of trees growiiiK m an area with a high soil-lead 
anomaly. Further studies showed high lead in maple at the 
Fronienac lead mine in Ontario and in Ledum pabtstre 
(crystahca ledum) and Betulu sp. (birch) at the Bucfians 
mine in Newfoundland. In Missouri. Harbaugh (1950) 
also found lead levels in planu to be higher in mineral- 
tied ground dun in barren ground, but not as consisiendy 
high as /iiu levels were. Webb and Millman (195I)ieMed 
plants as a method of prospecting in Nigeria. They found 
that die concentrations of lead in rwigs and leaves of 
savanna trres in the tead /inc Ix'li inrrra^e nrar mineral- 
Utd ground and tlul tlic lead values gave pronounced gco- 
chcmical anomalies many times wider than the lodes. The 
nonnal lead content in the ash of twigs of several species of 
trees averaged I ppm in unmineraltted areas and ranged 
from 7 to 270 ppm in mineralized areas. Comparable 
anomalies were found in the leaves. Hawkes (1954) later 
compared lesidconientof ooiUaloiigthesametnvcne(fig. 
10). 
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Malyuga (lye-l) similarly compared lead con ten u of soil 
and ash of plant leaves and roots, that aitoolabdils con- 
siderably higher (han thai o< soil or tnves. 

J. B. Cathtall and G. B. Gott (writi«n commun.. 1975) 
collected twigs and neniles from eight ^Ix■cle^ of conifers, 
from more than 600 trees in ihc highly mineralized Goeur 
d'Alene distria, Idalu>. Mull was coHected fmtn the fame 

localities. Thet onrentration of lead in rhr- ■ir il iti whirh 
the trees grew ranged from 10 ppro to i,500 ppiii, with a 
median value of 28 ppm. 

The plant ash was :inii]vzfxi by an arc cmi-isinn spertro- 
graphic method thai pfimmed ihe deiernimanoii of 
conoeittraiions of as much as 5,000 ppm lead. The anth 
metk means of lead in the aih of iheae umples was 3.088 
ppm for twigs, 1 ,039 ppm for needles, and 1 ,61 1 ppm for 
mull (set- tabic 28). The lead content of these samples, from 
all species, was consistently about three times higher in 
twigs than in needles and about two times higher in twig» 
than in mull. The mean value of lead in twigs, relative to 
lead in needles and mull, must be even greater, because 91 
twig samples contain more than 5.000 ppm lead. 

Worthington (1955) made a biogeochemical survey of 
the Showangimk Iead-zinc<opper mine in New York 
State using white birch twigs and soil. The lead values and 
cofiper-zinc ratio were more useful than the copper or zinc 
values In outlining the orebody. In Finland, Salmi ( 1959) 
Ix-carne interested in sampling peat as a method trf 
prospecting glaciated country. At the o>pper-zinc-lead 
are* In Vihantl Parish, he sampled leaves and twigs of 

Ledum palustte (crystaltea ledum) and peat at the same 
traverse stations to test the method in an area where the ore 
had already beenoudined. Anomalous metal in the plants 
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in an area not known tu be iniueialiuxi was later explained 
by the discovery of a new ore body. Similar tests were made 
by Talipov (1964) in Uzbekistan where he teponed 
concentrations of lead in soils lo be 10-20 times aboive 
average and to anumulaie in the hiunus layer: and 
Poliltarpochkina, Polikarpochkina, and Afaramov (1965) 
showed that dispenion halosof die metals in planisiepeat 
the zonal structure of meial oics in (he eastern Tians<- 
baikal province. 

High lead contents were fmmd bf Poskotin, Yushkov, 
Yurinskii. and Sncgirev (1969) in birch, aspen, and pine in 
areas of mmerai deposits. 1 hey concluded that the amount 
of lead depended on the depth to ore, plant qpedes. age, 

Tasix 1B.—LMd in amUew ttrig^ medbf, vtd jutjiMcitl mull, Cteut 
i-4lme4iariet,Uako 



F»uiiE 10;— 0>mp3i.3(iM ir.iil Miiitnii cif tnih plants MW Ancka 
lode. Nigeria (trom Hawkcs, 19M). 
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dcvclopnient of the root system, and mobility of lead in the 
particular grochemical environment. Brown and Meyer 
< 193^) have a Iso lesied plants as a prospecting tool in the 
Edwards-Baiinat diairkt in New York and olNained 
poudve imilu over knoim ofriiodks. although therr was 
a wide variation in absorption by species. 

A very thorough pilot suidy by Hombrook ( 1969) of the 
Silvenntne lead depottt. Gape Btetoo Island. NovaSooda. 

inrfir.iti s rhi ,i i .(x uiJ 1 i i ni s-^ of gcohol.inic al andbiogt-o- 
•.hcmical pfu»pet.iing nietiKxls. I he data iiKluded 4.050 
apeinagrapbkdeianuiatromfcirleadinatKanfem^^ and 

plant truterial. Thr lead (^fixiMi-, ate ovrrlaiii bv till that 
showed anomalous cmiLciiirations ol lead, altiiuiigh ihe 
eslent of the anomaly had been modified by glacial action. 
Tlic pattern of lead anomalies in plant organs of different 
ages was compared, and anomalous concentratioiu in 
bark and twigs were sufficient to outline the extent of the 
OK. Although twigs am lained more lead than bark, bark 
provided a more reliable basis for interpretation. Ttie 
diffrrf n« CT) in lead concentraiiun fordiffcrt ni agetoiCWIgS 
were not si g n ifica n t for prospecting purposes. 
Several tindiet of lead uptake by plants in minentliied 

arras havr been mad<-bv I ' S. G<-oIogi( al Sunry scientists. 
Shacklette (1960) made a study ol vegetation and soils at 
the Mahoacy Cnxk lead-xinr drpmii in southeastern 
Alaska. The results giv tn in tabic 29 -tiou ihai mean load 
concentrauons inciease trom 90 {)[irn m thr avh of plants 
from unnuneraliaed ground to lh() ppm in the ash of 
plana rooted in soil over the vein. Shacklette suggested 
diat the significance of differenres lietween background, 
halo, anil vi-in values of a species irxay be judged by the 
standard error. If a difference between two values i* as great 
as or greater than twrice the standard error, it can be 
considered a sign if i ir t difference, not a vimpling error. 

Kdth (1969) reported on similar studies of three 
deciduous tree species in die Upper Mississippi Valley 
lead-zinc district, where he roUn k d I'")2 -.oils and 2'>6 
planu in mineralized 

samples in noninincnliaed areas (table 29). Ii is apparent 

that, as expected, stems contain .it least twueas mix h lead 
as leaves, but, contiarv to expet tations, lead li not notJtc- 
ably concentrated in the trees growing on mineralized 
giound and is actual I y higher in noiunineral ized areas. On 
the other hand, zinc (not shown here) was significantly 
concentrated in trees on mincrali/cd ground Keith 
believed the anomaloiuly low concentraiioru of lead to be 
due tea higher pH in mineralised limestones in contrast to 

the SUnOiaiding areas of sandstone and ^latial drift. 

Astudy of lead in vegetation of the Ruby Hill lead -silver 
mining district in Ariioiia by Maurice Chaffee (written 

fommun., 1970) shows the increase in lead uptake in an 
acid sulitde environment (table 29). I he dau sJvuvv a 
remarkable concentration of lead in the older wood of sage 
and, in odicr vegetation, about a tenfold increase in lead 



over the levels in vegetation of the Upper Mississipfu 
Valley timesione district. 

Studies by Wall-u i '"^'Tl > shov\- no effect of calcium 
on lead uptake by bushbeans. but a large increase in root 
absorpdon <if lead when iron is added and a decrease with 

increments of NaHCO,. 

Lead accuiiipatued by zinc arid cadmium may also 
accumulate in spring^edpeat bogs that diain dolomites of 
relatively high, but noneconomic, lead concentrations. 
When these peats are drained for "muck" farming of 
comnaercial vegetable crops, the metals become oxidized 
and are thus available to the vegetation to such an extent 
that vegetables cannot be gtown in certain areas of highly 
mineralized peat. S i li i situation developed on the 
"Maiming miKk" in Orleans County, N.Y., in 1938^ but, 
during the last 90 years, the oxidiaed mcttls have been 
leached from (he lu-ii I ti\ eround and surface •.« ttrrs and 
neither wild plaiuj* aur vegetables now contain 
anomdous amountsof lead(Oninoa, 1965, 1970}i. Soneof 
the actual lead ar>d zinc contents bx the yean 1946 and 
1967-68 are given in table SO. 

It IS unfortunate that vegetables grown on the 
"Manning muck" were not analyzed for lead by Staker 
( 1942) in 1938, as the median zinc content he recorded at 
that time was 140 ppm, arKl by 1946 the zinc content ol 
nauve vegetation had drapped to one'thitd that levd. 
Presumably, lead levels would have shown the same sharp 
dci i I In the 1946 collections, native vegetation (37 
samples) had a median of 10ppmaiidarangeof2-58ppm 
lead in die dry weight; in the 1967-68 collections, nadve 
vegetation (7 Snimples) had a median of J. 7 ppm and a 
range oi < 0.5-10.2. and the vegetables ( 1 3 samples) had a 
median <»f <0.5 ppm and a range of <€l5-& 

UAS INMCATM AND ACCUMtOJkTOa PLANTS 

Certain species of pimis that are toleniHof high-lead 

soils have been used as indicators in prospecting. These 
species iiuy have adapted to living exclusively on rocks or 
soils that supply unusual amounts of a particulardcilient. 
or they may have acquired an immunity to large amounts 
of an element by being able to reject the metal at the root 
site. Some indicator planu that have been found 
universally associated with a particular mineral 
assemblage absorb and concentrate large amoimts of one 

or more metals in theii ^loIage tissues; others that do not 

cotKenuate large amounts of the metals in question may 
be spedes of wide flistribution that fovor mineralised 

ground under certain local conditions, because of a 
reduction in competition or a change in acidity, water 
conditions, or availability of major plant nutrients 
;f..ii)iion. 1971) 

Iiuiiiiiuth as lead and /uit commonly occur together in 
ore deposits, it is difficult to establish positively that a 
particular plant is an indicator of lead. Plants that have 
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been reported as indicacnrs or aiiumulators lA lead 
given in table SI. Plants that have been mentioned in the 
literature as being indkaton at lead depottta in the 

Mississippi Valley lead-zinc district include white birch, 
colioiiwixxl, ami wild imiii;o I hc .issih i.ilioii of 
AmoTpha canescens (Icadplani) with lead that has been 
mentioned in the early literature has not been verified In 
norihtni AuMtalia, /oni- of ropper-lead-zinc minerals 
permits a more caretul study of the tolerance (A. the various 
spedes that grow then (Cole. Provan. and Toonu, 1968). 
Gomphrena caneuens R R (rIoIx' amanmth) and 
Polycarpeasynandra h. Mudl. var. gracilis (a pink ). two ol 
the indicator species, were found to tolerate ,')(>, (KK) ppm 
zinc and 5,000 ppm lead in the soil. At another deposit, 
Polycarpea glabra (a pink), Bulbostylis barbata 
(bulletwood), and Eriachne mucronata indicated lead-zinc 
OKs, the last concxntiatiiig as much as 50 ppm lead in the 
dry weight. 

Although 710 trrcs wore considtTcd to V iruliratoTs of 
lead ores in studies that have been made by H. V. Warren in 
Canada and H. T. Shaddette in Alaska, very high contents 
of lead havf hern found in Dou'l-,1 c fir. mountain 
hemlock, aldvj, buth, and heaUui sii,i< Ivit ik (1965) 
described the distribution of a lurrwurt {Crphalozia 
bicuspidata) as entirely covering the surface of the ore, to 
the exclusion of all other species, at the Mahoney Creek 
lead-zinc mine in Alaska. The exposed ore contained 12,9 
percent lead. The concenicaiions of lead in Canadian 
hemlock, atborvitae. and sevetal common adventive weeds 
from miiifraIi/<-<i, <lnHiru-<l jxar in New \nxV wt-if also 
high, the lead content in the dry weight of coniferous 
spedes exceeding that of the peat. Ledum paUatte in 
FinLitid was found by Salmi fl9^')l (o accumulate high 
lead contents compared to other species. Thyssen (1942) 



has reporied a grass. Molina attissttHa, growing at 

Innerstetal, Orniany, to toniain 35,600 ppm lead in the 
ash. The £ra:>:> !>pi'Lic!>, Agrostts lettuis, appears to have 
adapted specifically to hi^-lead soils, and seed from 
selected heavy -metal-tolerant races of this species is being 
used as cover on mine dumps and tailings in Wales 
(Joweit, 1964; Wild and Wiltshire, 1971). 

Some naturally lead poisoned areas have been studied 
and described in detail by Lag and B^lvilcen (1974). 
0( < umnic s of naturally lead (xiisoned soil and vegeta- 
tion have been found in 5 different areas in Norway where 
deposits of galena occur in the bedrock. In the initial 
stagps of poisoning, the forest irees and yaccirtium spp. 
(blueberry; are replaced by Deschampsia flexuosa 
(hairgrass), which grows profusely but without seed. 
Wlicrc U ad iK)isfniitiK is more advanced, the vegetation is 
abnormal or dymg, and in highly minnalized .soils, the 
ground is barren. D. ; ' vu .sa responds to increasiqg 
contents o( lead in the soil withaconeapondingdeocase 
in the plant-Pb/soil-Pb ntio. After a low ratio of 0.6 
ptnciit is reached, at level of I percfni lead in ilu- soil, the 
ratio remains coiuiani with increasing soil lead until the 
plant is killed. This defense medianism of D. fleieuosa, 

f nmbincd with a r«tricted availability of lead in ilie soil, 
effectively counteracts poisonmg ol the plant. Because 
plant growdi is retarded, podiolization of the loillR these 
{x)isonrd areas is larking and erosion of morainir soils is 
mcTca^ed, resultuig in a slany >oii sulfate. iJig and 
B^viken believe the search for areas showing signs of 
natural heavy-metal poisoning to bea valuable methodpf 
Kc-cxhemical prospecting. 



ANOMALOUS LEAD CONCENTRATIONS IN 
PLANTS IESULUNG FROM MAN'S ACTIVITY 

UAB AOnnniLATiON BELATED TO MINDIG AMB 

SMELTING Acnvmr 

The activities of man in the mining, milling, and 
smelting of oies have released considenible lead into the 

environment These arcumulaiions, because ihey occur as 
the result of acuviiiei> m populated areas and bectiuse they 
may be released in a moie available form than the original 
sulfide ores, may have a greater dfea on health and disease 
than the lead in vegeution rooted in mineralized ground. 
Extensive studies are being conducted in Great Britain and 
Japan, where health piablems have arisen in populations 
living in contaminated areas. 

In J. (pan, lead aiialvses have been madeof agrii ultural 
products grown near a large zinc refinery in Annaka City, 
where a chronic disease, itai itat, has been shown to be 
cau.sed by rontarninaiion of water and rirr iTops by 
cadmium from the refinery {Kobayashi, 1972). Mulberry 
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Tabu Sl.—Leml mduttoi »nd MCKimilalar plana tool$d m mintmUud pound 







tf lukH WMmt» 





fsfudol%ugtt laxifolm A 

iDouRlas-fir lipf). 
JLaru (xrtilniMbf A 

(tarch lipt). 

montirola A 

(whiir pinr ii|H). 
Tsuga mertensiana A 

(inntiiiLiin hrmlix k cwi)(>). 
Tsugo lanadrfuu A 

iC^ndda hcmlcKk tips). 
Tiuga helfrophylU A 

i Pudfii lirmliKk IMint). 
Thuja on ifii-ntdttt A 

Thufa plicala A 
(gioni aitorviiae MCMM). 

Pirn sp. A 

<»pfiMC wood) 
Equisflum anmse A 

Do A 



British f'^.lumbia 

Oirur d Alrnr. Id^tho.. 

do „.... 

do 

AlHfca^. 



New Votfc fpean) 
tri|j«h ColHnbw .~ 

lilt M„ 

Briiiih Columbia 

WiKmuin 

Wamn. N.H. iallingi) 



130 
100 



20.000 
1.000 

10 



480 
9M 



1« 



19 



Warrm and Ddavaolt (1960). 
Kmntdv (I9S0). 

Do. 

Do. 

H. T. .Shad(kltt(wrilttil4 
I960). 

i(19S»). 



njm 



Wi 
Do. 
Da 

Tltmn (I9tt>, 

Cannon, . 
(19C8). 
Do. 



lAnicriran gipm alder). 
^inu\ Mtiuata 
^Sl^kt akkf> 

(ronontniod migi). 

Di-» 

Betula populiloha 

Do „.,„,_ 

BeluU gtandulosa 

(iMKlt Menu). 
Satix *p. 

(wilfow root) 
Betuta lutfo 
(yellow buUi iwigs). 



A 
A 

I 

A 
A 

I 

A 
A 
A 



Wisconsin 



MiMOuri , 
AJuIb.^.. 



4.4MO 



SjOW 



WiKomin 

Britiih Goliiiiitiui .. 



Han MoHinaicw. Germany.. 
Joiiliii. Mo 



SSjOOO 
I7jm 
4.GM 



iJOM 



H T ShadJetlB(wiillea 

I960). 
Do. 



A. V. Hcyl (oral tommun . l9t8)L 

Qmnow and Aw dtnon (1971). 
H.^TShadJme (wriucn oshmmm. 

A. V. Heyl (oni commun., I9M)l 
Wanen and Ddavauk (1900). 



l(lfl71)L 



Calluna n>. 

(Aladian hniihw). 
y«ierinium etmadtnte 

(drwbmr (mm 
Hohdiscus Hiftoioj 

h(>eV-<p\t'-t :fn-.;i. 
l edum ;iiH' . > 
(Labrador tea. itvigt). 



A Alaska 3.000 

A Wamn. N.H 339 

A Cocurd'Alcnc. J 

A Finland...... — .. 



n 



H. 1 . Shacklrtir (writlcn t 
1960). 

Caiman, Shaddmc, ai 
KaMeS^(19W)L 
«ilntt(l«Sg». 



I'mlulana atetatra 

(common punlane). 
Ambnuia elilior 

i!< ofiiiiiiiti i^KWcvd). 
Afftium minus 

(stnjJI buitkirli). 
Poht atpea glabra 

(pink). 



(mltiloat). 



A 
A 
A 
A 
U 
I 
1 



S'nrfh VVmI«-» 

New York (peal).. 
do 



(wild indigoK 



Sicgcriand* Ccinuuiy 

Wiaixmin.............. 



47,000 



4> 
M 
M 



•67 

■ap 

■110 



H V Warrrn fwrilim rommun., 

19721 

Cannon, Shacklnte, and BaMon 
Da 
Do. 

Nicolls. Provan. Cole and 
Tooou (1964-66). 

r<igS9JtDani(l«7)L 



(unpul*. data, 1948). 
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^<pink^ 

(gtabr awnuith ttovn) lA d»...„...„.„.......„....M..........M 40 SjIMtt H. E. Kins (wriUm cgi 

undjied). 

mlotx- .iijiaranih riowrTS) lA do IH 5.000 Do. 

(glulM- aniivamh Mcin*).., lA do . — 51 5.000 Do. 

BtMo$trli$ktrbttt lA dn . Nkolh, PntMi. Ook, i 

(buHctwood). 'n»nH(tS6«^V 

Eriachne murrcmala lA do..-.............^.....,.—— SO .—^ TV> 

Campanula abbtna lA GMICMIII.r..........._.........»<.-M.....» lifW Si.irikm, Konovalov, ai 

(alpine Miflown). Bnuhtriii (1964). 
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(InUiiin Knai). 
Dtsthampsia fUxxtota 
Agroit\i tenuis (uibip.) 
Calamaiijostii eptf/nOt 

(Ttni grau). 



lA Imwrn m l. Ccnnanr . 

I Norway 

I North WalM 

A 



S5,«M 



Thysjcn (IW2>. 

17^09 Ur and B^lvikcn (m4>. 
I9M). 



jowtti (I9M). 
amMi ( 



Drfopifris mittla 

Pryoptrru spiruUua. 



Wtooniiii.. 



A 
A 



Norway 

New Brum wick „ 



IHIO 



10 
410 



71 CiniuMi. SfncMcne, and 

(1968). 

SSJOO liic and B^lvikcn (19M>. 
....... Schmidt (1955). 
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growing on the hills above (he refinery contained 41-160 
ppm lead in the (by weight of the leaves, depending oo the 
distance from the refinery. Leafy vegetables contained 

4.4-260 ppm lead in the dr>' weight, root veKctables 
< 0.02-6S ppm. and fruiu of vegeubles < 0.4- 1 1 .0 ppm. A 
particular moM that asweis die gaiden Mlb €ontuned 370 

ppm lead in the dry weight, 7,010 linc, and 61 ppm 
cadmium. The lead uptake thus vanes wiili species and 
plant part as wdl as distance. It was observed that the 

primif>al source of met^ih in the vef^etaiion was bv 
absorption through the roots from polluted soil rathci 

than bam dinct depotitioa of metaU from the air. 

A comprehensive study by the U.S. EnvirfiniTirnt-il 
PvMCCtion Agency was conducted in the Helena Viiiley 
aicaof Monuna to determine the effects on vegetation of 
polluunts from the American Smelting and Refining Co. 
smelter (Hindawi and Neely, 1972). The lead content of 
vegetation was found to decrease with distance frum ihe 
stack. Gonion (1972) reported samples from eau Helena of 
planu and the toil* in which they were grown to 



lead in the dry wc^t. in parts per million, as follows: 

Wathcd letiuTc <10- 26 4y .^^0 

L'nwaihcd leiliKv 26-460 tTO -l . lOO 

Conitet needle*. •IO-12i 370-1,100 

Hindawi and Ncely (1972) grew alfalfa, pinto beans, 

carrots, beris, petunias, and inbarcn in greenhouses in 
vermiculite, exposing the growing plants lo aiubicni air, 
and in garden soils outdoors, at the same distances from 
(he stack, in order to test how much lead might be absorbed 
from the soil and how much from theair In dievidnity of a 
smelter. Their results, reported for imwashed pradiice, in 
parts per million, are as follows: 

OnamfniRi Idol pftei AtrMtkadiM* 

■nirlvi Vommliat tail wU 

<•>>) ikiK) <A) at i9-At 

55 OA TA 4SJ ^os 

8 13 5.0 S.4 2.0 

2.5 4.0 IS M U 

43 7.2 £ 1^ .4 
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If one assumes that the plants grown in mmiculitc in 
the greenhouse but receiving ambient air are receiving the 

same atniosphcrir lead insult as th( f)ut(Ii>or plains, (hen 
by subtraction it would appear that about half of the lead 
measured in unwashed pvoducie may be abaoilied bom the 
soil and half from the air. 

During I Ik I9ih century, several pans of Walt* wt re 
intensively mitu-d (ot lead. Fieltb adjacent to and down- 
stream from the mines became contaminated by airborne 
and walerbome heavy-metal compounds; these fields still 
amtain high concentrations of (he«e metals. Work by 
Alloway and Davies (1971) showed that heriiage, 
consisting largely of the grasses Pettuai and LoHum, and 
s^)ils in this aua ha\c the followjng lead caainits mparts 
per million dry weight; 



HrrhaRc 

S4mI (tuuti) 

Soil (availablfi). 



90- 100 



6S.2 24.5 

m.n 292.7 



Radishes wcu- tlien grown in 15 gardens oi nurih 
Cardiganshire, some close to and some remote fmm mines. 
Tlie ladishes had lead c ontents ranging from 4 6 to .S3.1 
ppm dry Wright, witii a mean coniciu of IJ.l ppiii a»jd 
alandaid deviation of 7.4. 

Lagerwerff, Brower, and Biersdorf (1972) collected soil 
and grass samples along -1 transects extending 6,684 feet 
(2,400 rnj from a smelter in Galena, Kan , near the 
Missotiri border, after the unelter had discontinued opera- 
tions InvolviRg lead prodtiction. In tlw diicctton of 

prc\ailing winds, lead totitent of the unwashed grasi 
ranged from 98.4 ppm (dry weight) at 1.082 feet (330 m) 
from the smel ter to 1 6.2 ppm at 6jS6i ttei (2,400 m). They 
also obser\ fd that the pastures near the smelter had bc^n 
invaded by iwitchgrasi {Panuum vugatum) and 
broomsedge (Andropogon virginnus], which are both 
tolerant of the combinalioa of low pH and high heavy- 
metal concentration in die soil. 

In 1968 the U.S. Geological Sur\ey samjiled birch and 
oak uees, their humus, and the alluvium in which they 
mwre gnvwing. akmg a stream in a forested mining area 

near Joplin. Mo ; old mine diggings and pits were visible 
under the undergrowth. Although this locality had no air 
contaminaiitm (ram lead at the time of sampling, concen- 
tration of lead in the bark was comparable to ihnt in the 
first-year twigs. I he lead ( oiiteni was higher in the birch, 
which is an accumulator, than in the oak. Results of the 
sttidy are as (oUows(number of samples coUectedare given 
in paieniheses): 

BetuU tulea (binh) (2): 

Leaves SI5 25.0 

Twin(ltt'year) _ . 4.bOO mo 

WO^..... ..... 900 MO 

.. ....................... 2.9U0 



Qumus muhUnbrrgta (oak) (21: 

Lravn 

Twig* (lu-year)...„ 

Baifc „ 

HumiM 







l« 


&4 


l,«0 


4«.0 


S7S 


9.1 


IJW 


178.0 




I.70O.O 



Smelters and refineries, commonly located in well- 
populated areas, may contribute considerable amovtnts of 
lead to the atmosphere; this an borne lead, in turn, 
contaminates the soil and vegetation. Warren, Delavault, 
and Cross (1966) found as much as 1,600 ppm lead in the 
ash of bireh leaves growing 3 miles (5 km) from theThuI 
smelter in British Columbia. 

Studies have been made by the U.S. (geological Survey 
near sevetaliinc-leadsmeltefs. Analyses of phmttandstHls 
collected near the Bartlrsvillc. Okla., and Leadville, Colo., 
smelters are given in table 32. The tree sampled at 
Leadville was the nearest pine to the smelter able to grow 
in the fiomaminaled soil and was coruiderably dwarfed. 
The smdnr had mx been operative for ISyearsattfieiime 
of sampling. 

T«MJt Vi.—LMtd tonltnts of phntt and aofb as relaled id smeber m»- 

f«frii«ati"n rrr Cnhrrmin nnt! Oklahoma 
[Lnkn i . J iBdiuir nu ikut. from ( jnnon and .\iulrtiMi tltf71|t MMUyuib r t Hmtm 

watCi-K-tmH 







\r»A (jifin) 


Sulfite No. 




In Mil CoOaoWl 


mil. 














MiiawiiSt™ 





112 
M 



387 I'upului drUoidn (aMUmwaoil), 

\f.t\n 120 

tltt Popului delloidey (<oii<iiiwwMi), 

h-ikkI 190 

4 1 1 Piifiuluf drltoiiin (cotlnnwcMMi]!, 

Oatk .4„..,.„.M<.- W 

¥16 Top03in.(1.2»cml9oii 2,500 

409 1^ in. (2.9-12.7 a«) MM].... tJSM 

VXi r/'fjui arrirrii .j.i'i icliii I lr,i\r\ IfO 

Aifmragti-i ollinnatif (aspardgus). 

top* 40 

3W AlUum fforrum (onion;, bulb... 200 

40a Humui , „..„ IpflOO 

409 Sail 129 



IS 

2.i 
II 



iJMaOitBltaBwte 




Canx sp. (MiiBF), lofM. „„.„„.„_ 


... MO 


49 


UH mm ■) iMMMk* 


m 


Pinm edulii (pinr). nndiet............. 

/>inui rduin (pin<-). I>nuich waad 
( iiu liiding bark) .......................... 


.... 2JO0 
.- 1«,OOI> 


40 
M2 



'Smbci imifinBfnr una tWk 
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UAD AOCVMVLATION BELATED TO ACftlCmTVKAL 

Acnvrras 

Contamination of the soil due to agricultural activities 
stems geiif-ialK from eflnris to reclaim or incrrasc the 
fertility of the land, or from sprays used on crops to combat 
insect or fungal inleatalion. Tailings fnxn lead-rinc mines 
arc occasionally u-s«l for fertilizer, but a siudv by Ilawkrs 
and Lakin (1949) in east Tennessee where such practice is 
cominon showed that the amounts added were small and 
did not affcf t ilu- level of lead in the soil. Residual lead can 
be detected in soils that have been sprayed in (he past aiKl 
this lead may be uanslocated to the edible parts of produce. 
Warren (1961) compkared trees in orchards in Okanogan 
County, Wash., that had been sprayed 10 years earlier with 
trees thai had never been sprayed. The unspiayed trees 
contained less than I ppm lead whereas qnayed trees 
contained 40, 50, and 100 ppm. A garden in Canadaigua, 
N.Y., whi( h had been sprayed repeatedly, bin whit h was 
well protected from street contamination, was sampled by 
the author and found to contain 900 ppm lead in the soil, 
700 ppm in the ash (44 ppm in dry weight) of raspberry 
canes, and 500 ppm lead in the ash (12 ppm in dry weight) 
of the bemcs. 

UEAD AOCVML-LATION RELATED TO IIUAN 

AIR POLLt'nON 

The ef f ecu ui lead in the atmosphcie on the lead content 
of vegetation were pointed out by Warren and Delavauli 
(I960). wh(j found hi^ber values in Canadian planis 
collected near roadsides than in those remote from roads. 
Warren and Deiavault (1962) fuilher investigated this 
anomaly by samplii^ similar vcfMation in two localiiiei 
in England— in an area of Stitsekmnoie from a rood and 
in London. Their results for twigs of the prev ious year's 
growth showed these lead contenu, in paru per million: 











•oSlt 








A* 


Lime 


0.4 


t 


b 


30 




.4 




6 


100 


WiUow 


1.0 




2 


M 


Uid» 


LO 


ss 


8 


160 








20 


25>0 




to 


90 


14 


]fO 


Haid „ 


Z.0 


w 


iz 


680 



In Maryland the lead content of the ash of wRftables 
collet led near roitds was also shown to be bigber tfian thai 
of vegetables farther from roads (C«nnion and Bowles. 
1962). as shown in the following table (analyst. £. F. 
Gooley}: 





m 




Lmdm 

Mean 


Kjnip 


1- 25 




29 


80 


10-500 




H~U, 


29 


66 


10-700 




i6-l(i0 


« 


45 


<10-150 


>500 


>l«0 


28 


20 


< 10-800 



To test the significance of these findings, Cannon and 
Bow les (1962) sampled grass in four directions for 1,000 
feet (304 tn) from major highways in the Denver area in 
early June of I%1. The samples were washe«i in lapwatcr 
and analyzed using an einission spectrograph. The lead 
contenu along all four traveiaes decreased logarith- 
mically with distance from ibp highway, from 30 ppm to a 
background of 2 ppm at 900 feet (274 m). In 1969, tlie 
samlet weve ie<Dllected in early June along the only 
trav erse remaining in pa<itijre. The lead ronterit bad risen 
about 1,000 percent and had spread tonsideiably faxilicr 
from die highway. The highest lead content. 222 ppm dry 
weight, w as found at a distance of 5 feet (13 m) from the 
highway, and grass at 1,000 feet (304 m) contained 28 ppm 
(fig. 11) (Cannon and Anderson. 1971). Washed grass 
contained less than unwisbed. although the samples were 
collected during a period of heavy inns. 

Salmi i\%9} ir[i, ii ij a decrease in lead rontent of 
Sphagnum titscum (moss) on the surface of a bog at 
distances of feel (0-300m) fioma roadin Finland. At 
about 33 feet (10 m) on one traverse. 27 ppm lead was 
measured, in contrast to a norm of 2 ppm. Purves and 
Mackenzie (1969, 1970) reported on significant differences 
in lead content of berbage in parklands of Scotland. The 
mean for rural llerbag^• was 30.8±2.3 ppm and that for 
urban (Fdinburgh) berbage was 44.6t4.2 ppm in dry 
weight. On the other hantl, the iimer leaves of cabbage 
collected from ninil and mhan i 
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diUoences in boron, molybdenum, and zinc, but none in 
lead Unwashed privet leaves were collected by Everett, 

Day, and Reynolds f 1%7) in div^i-. « l(>s<- to and rt-nioie fioni 
htgfaways in England. Leaves near highways had an 
average of 86 ppm dry weight, and leaves remMe fRMi 
highways had an average of 45 ppm dr>' weight. 

A U.S. Geo!(^ical Survey siudy iii Mi&sioun (Connor, 
Erdman, and others, 1971 ) found that roadside conumina- 
lion hasamucbgreaier effea on the lead content of vegeu- 
tion than it does on soib or rock outcrops. Thirty-two 
samples of cedar and 60 winples of grass were colleciecl 
from locations both an(<50ft(15m) away ) and off ( > 500 
ft ilS2 m) away) seoondary roads. The collections from 

these locations consisted of the tn miiial brant hcs of t edar 
(Juniperus vtrginuina) and abuvc-gruund portion)^ of 
giasm at a specified stage of development The mixed 
grasses wcrf mostly Triodia flavens, Festuia elatiof, and 
Setariaviridis. I he samples, wladi were not washed, were 
analyaed by emission spcctrography. The results are 
dlQiwn in tahle SS* The differences in both cedar and grass 
are significant at the 0.€6-ppm probability level; those in 
subsoils and rocks are not. These data show thai lead 
reported in roadside soils is confined to surface soils, and 
that soils at a depth of several inches are ufuffected. Cedar, 
which is an evergreen and thus exposed to loniami- 
ination throughout the year, contained no more lead than 
did the grass^ That cedar is an acounolaiarnf lead «ra$ 
shown by one sample collected near Centcnille. which 
contamed 1 ,200 ppm lead dry weight (Cunnoi . Siucklciie, 
and Erdman, 1971). Further investigation has shown a 
geometric mean of 348 ppm dry weight in 15 cedar samples 
from the area. It is believed that the soil here has been 
coniaminaied hy ore dust from trucks transporting ores 
from mitu.' to smelter. These data can be compared with 
those of Lagerweif f and Specht ( 1 970), who sampled grass 
at 8. 16. an<! 32 fwi (aI>oiit 2, 4, and 9 rn) from ni ii ir 
freeways near Washington. D. C. and soil at these sites at 
ikpths (rf 0-5. 5-10. and 10-15 cm. Lead contents in grass 
and soil decreased with distance; the levels of lead in grass 
ranged from a maxunum of 68.2 ppm dry weight at H feet (2 

TA»i r S3. — Cmnpanson of Irad lonlmt betu rrn im joad and ofl-joad 
samplei of fitmr uiiU and planLx in MiSMutt 
|Uu, Irutn Oxinuf, tnlifun. and mKm, 1971. analrtl. Ifjmn N'lmunl 
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m) to a minmiuin of 7.5 ppm at 32 feet (9 m) and in surface 
soil ranged Cram 540 ppm to 55 ppm.l1iedbiaahosliowa 

reduction in lead content with depth. Dedolph, Ter Haar, 
Holuman, and Lucas (1970) were able to correlate the 
amounts of lead in grass with ccmcentrations in air. At 40 
feet (12m) from the road, the air contained 2.i u g/m' and 
the grass averaged 15 ppm dry weight, and at 120 feet (36 
m), the air CMiiained 1.7 iig/m> and the gtass 8.4 ppm 
lead. 

An increaie in the lead content of plant foliage in the 

winter months has been rcp>orted by sever. il ^voiVers and 
goicrally attributed to increased exposmc ume to air- 
poUution lead, hfitchell and Reith (1966) found an 
in( lease in pasture herbage from 1 jij-iti iiH !^r^ 'A rif^hn 
in early autumn to 30-40 ppm in the winter. However, 
they attributed the increase to either a translocation of lead 
from roots to tops during the winter months or a loss of 
organic matter ilirough respiration rathci dian to surface 
contamination from the air. 

The effects of washiitg on the lead valiMs varies with 
season and rainfall oonditioni. In the study reported by 
Cannon aiui Anderson (1971), on grass collected m (he 
spring shortly afteraheavy rain, no great difference in lead 
content between washed and unwashed samples was 
noted. Canjeand Page (1972) mm pared the lead conietit of 
wastied with unwashed samples of lima-bean leaves and 
pods, com leaves, sugar-beet leaves, and tomato fruits 
colleeied in California near the Santa Ana and Ri^ rr<:n)r 
Freeways; they found a 30-70 percent decrease, depending 
on such factors as the extent of plant surface cxptMCd, 
roughness of surface, and dtiration of exposure. Motto, 
Daines, Chilko.and Motto (1970) abo found a ±40 percent 
decrease in washed grass collected within 223 feet (68 m) of 
highways. Rains ( 1 97 i ). on ihe other hand, could not wash 
lead from ifiwns ^lua (wild oau) that had grown in a lead* 
f ill nit region, nor could he extract it with water !fr was. 
howevei'.ableioexiraci50percentwith0.0IAf HCl and 95 
percent widi 0.01 JIT NH, EOTA. 

Whether the lead thnt mnot be crashed from ro.-jd^ide 
plants is absorbed diitt tiy from the air through the leaves 
or is taken up from the contaminated soil has been 
debated. Certainly there can be no doubt concerning 
absorption from die air in regard to Titlandsia umeoides 
(Sjjanish moss i, whuh has no root system and obtains all 
essential elements from the atmosphere. Analyses of I2S 
samples of Spanish moss collected by H. T. Shadtlctle 
{written lornmnii., 1971) from the .Atlantic and Gulf 
Coastal Plain areas ranged from 3.2 to 230 ppm lead in dry 
wei^l and had a geometric mean of 192 ppm; the contrast 

between samples from urban industrial area.s niid nir.il 
areas tnduated the influence of atmospheric p<:>llunon in 
raising lead levels. Wherry and Buchanan (1926), who 
analysed Spanish moss for some of the esst-niial plant 
nuuienu, found no difference betweni washed and 
unwashed samiries. hbrtinet, Naihany.andDiiannai^an 
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(1971) in tnoct inManoe* found no tignificaot difference 
between unwashed samples of Spanish moss and those 

washed with ammonuim acciaie, but were able to extract 
more than one-third of the lead from a sample ooUected 
near a fbur^lane highway. These plants, however, have a 
highly developed •.ystfm for trxtractinK ntitrients from the 
air and cannot be considered as represenutiveof the entire 
plam kingdoiii. 

RtttilinK and Tyler (1968) grew plants from roadside 
swi in rontarainated soils obtained near highways. The 
planii contained only 5-10 ppm lead in the dry weight of 
the plant, wlicreas the same species of weeds diat ^re^ in , 
die same soils along the roadside ooniained 6S-9&0 ppm 
lead in die dry weight of waihed samples. These data 
indicate- absorption of lead from the atmosphere. Crops 
were grown by Ter Haar (1970) both in greenhouses 
supplied widi filieredand ambient air and in pkw planted 
in rows [M r];yr)dinilar to a busy highway. Of the lOcrop 
planu studied, only leaf kuute, bean leaves, and the husk 
of sweei com showed significant increases in lead content 
in unfiltcrwl air compared to filtered air. In crc^s grown 
30-520 feet (9-158 m) (ruin a highway, soybeans and snap 
beans also showed higher lead contents nearer the 
highway. He OMKluded from these studies that natural 
lead in the soil is the main source of lead in edible crops 
and that aitborne lead contributes only 0.5 to 1 ,5 percent of 
the lead content of the U.S. diet. More sophisticated 
enperimentt (Dedolph and odien» 1970) at the Aivonnr 
I .il«-)ratory consisted of growing six harvrMs of ryegrass 
and three harvests of radishes in chambers ventilated with 
filieicd and unfiliered air and in a field adjoining a 
highway traversed by abcjul 29,000 vehic les {>er day. The 
data obtained from analyses of codtti samples were 
subjected to statistical evaluation. Qcarly defined 
differences in plant-lead oonientattributable todifiieiences 
in the lead concentntion of the atmoqiheric enviromnent 
could be discerned in leaves of both species. Lead-enriched 
water applied to the planu had no effect on their lead 
content. Atmospheric lead had no effect on the lead 
content of the root or edible portion of the radish. They 
coiKluded that the radish and rye leaves contain on the 
order of 2J ppm lead dry weight, which h mil derived. 
I r-.td roncentrations above this bitse level (maximnm 15 
ppta) reflect the average lead concenuation in the 
atmoiapheie in which the planu were grown. 

Schuck and Locke (1970) investigated crops routinely 
grown in fields near highways in the vicinity oi Riverside, 
Calif., and concltKled that lead particulate particles are not 
absorfjed but exist as a topical dust coating, of which at 
least 50 percent can be removed by washing. In a cauli- 
flower headp interior floteta otmtained less lead dum did 
the outer florets; maximum amounts <. t >:■ < i uiained in 
the outer leaves of cabbage heads gruwuig '2.b feet (7 m) 
frooi the higliway. Nocvidence of abncptioa throiigh the 



roots bom water or bom the high'leadaoib that had been 
treated in die past with lead arwnate was obaerved. 

Zimdahl and .\rvik ( 1972) believed that the leaf cui !( Ir is 
a primary barrier to entrance of atmospheric lead into the 
leaf and plays a man importam role than mm atal 
fKTiftrHii'ni Fvj-c'iiments with penetration of lead 
through cuucle membrane from leaves and fruits showed 
duMleHdsan I peRMtof iheleadisableiopenetmiethe 
cuticTiInr l>arrier. Whether atmosphrrir lead can be 
absorbed through the stomata of the Icat and translocated 
to other parti of the plant has not been determined, 
although lead isotopic studies should be able to resolve 
this question. Chow (1970) has shown that the isotopic 
composition characteristic of gasoline lead is of greater 
abundance in grass near highways and in surface soils 
dian in soils at depth. Ault. Senechal, and Erletedt (I97IV) 
studied tree rings and foimd no significant difference in 
isotopic ratio (Pb"*/Pb*^) with age. The ratios in all rings 
of wood were lower than dutt ol roadside grass or of 
gasoline lead. The lead rihtindanre in the otitermost tree 
rings (0.34 ppm) was twice that of the 15- and 30- year -old 
rings (0.15 ppm). Eidier the uptake of lead was less in the 
past or lead is removed from the xylem layers after 
formation — perhaps along the radial ray cells of the 
woody part of the tree. 

Algae, mosses, lichens, and othen of the lower plant 
groups, beeatise of dieir slow growth and tmusually high 
LoiKf mraiions of metals, have been profxjsed by several 
scientists as indicators of lead contamination. Ruhling 
and Tyler (196B)siiBgeMed that mosses growing on tices in 
urban areas be usetiasan index for surveying depositionof 
airborne hc^ivy mcul!>. They found that the contents of 
lead in mosses in southern Sweden had risen from about 25 
to 100 ppm from 1860 to 1968. Martinez. Naihany, and 
Uhannarajdn (1971) !>uggesied that S{Ximsh moss, which 
is not a tniemoss buta highly specialized epiphytic angio- 
spenn, be used as a sensor for lead in the Gtilf Stales; they 
were able through this medium to establish gradients hem 
line-and-point sources to pollutants. Rains ( 1971 ) found a 
particular species of Ax/ena Jaiua (wild oau) to be highly 
loiennt of lead and s ugg e s te d its use as an mdicator. 

Two sources of polhition-cai I « 1 Irarl in ih ■ jtmos- 
phere that have not been mentioned in previous &ectioiM 
have been reported in British CcdimiUa and EnglaikL 
Warren. Dclavault, Fletcher, and Wilks (1971) described 
an episode in Richland, B.C., in 1970, when dust falling in 
a pavticular area of the town was found to contain 4.2 
percent lead, soil within a radius of a few hundred feet 
contained as much as 4,000 ppm lead, and forage grown in 
this locality contained from 1.5 to 8,5 percent lead in the 
ash. Lead in imwashed vegetables contained as much as 
6.5 ppm in wet wei^t but a maxtmum of 0.6 ppm after 
washing. Although, for the most part, the lead is not 
absorbed into the plant tissue, the lead on the planu was 
being consumed by cattle. Tlie industrial plant cndiied 
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with being the sounx oi Uie leadpollutioo bju beenckMed 
valimtarily until control devices can be installed. Dunn 

and Blox.ini (1932t i(|x)Hcd on lixcimk ili-aths iti 
England, which, although widely separated, were all on 
pattuict near Gofce tMwns. Stril dtnvnwind from the ovens 

coniained as much as 7 ppm lead ;iiid ^ns', ((jiitairR-d .I'i 
much as 46 ppm in the dry weight. Soils and grass upwmd 
from the ovens had considerably lower lead contents. 
Further .iiialv sis sliowril ilu (liinuiry soot lo contain 342 
ppm lead and the flue sout, 68 ppm. 

SUMMARV 

Plants absorb available lead from soils. Natural lead in 
planes growing in unconlaminaied and unmineraliied 
areas averages 2 ppm in the dry weight. As much as 350 
p|)ni had fias been measured in the dry weight of vegeta- 
uon rooted in soils developed from rocks containing lead 
OfCs; conoenliations of as much as 664 ppm have been 
reported in vegetation subjected to the industrial and agri- 
cultural actividesofman. A large ixir etttage of lead in soil 
is not available to plants, and onh in mining areas where 
high lead levels in soils occur is the growth of plants 
seriously afliecied. Of greater environmental significance 
is aiiiuisfihn i( lead from lead situ Itcr'<, c)iher types of 
industrial plants, and automobile emissions. Cuncen- 
tiations of lead in or on planu exposed to contaminated 
nir drrrtnsr logarithmirallv with disfanrr from (he source. 
1 here IS im> ( leu t-Mdeiue that lead liuin the atmosphere 
enters into tin plant, except in the c^se of Spanish moss, 
which is highly specialized for absorbing atmospheric 
elements into the plant tissue. Washing and preparation 
of vegetables rohices the lead (onteni to levels acceptable 
for hunum coiutimption. with the possible exception of 
lettuce and other leafy \ egetables that are cofuutned raw; 
however, atmospheric lead in or on forages remains a 
haiard to livestock. Lead levels are iticreastng markedly 
and should be monitoied on a continuous basts in urban 
and industrial areas. 
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LEAD IN THE ATMOSPHERE, NATURAL AND ARTIJICULLY 
CX:CURRING LEAD, AND THE EE f ECTS OF LEAD ON HEALTH 



By H. L. Cannon 



The amouni of lead intraductd into the envnonment 

from natural sources appears to be smaH romparH to that 
made available in one way or another by man. I his lead, 
in turn, is being absorbed by man at rates estimated by 
Patterson (1%5) to be SO times higher than inferred 
natural rales. Any discussion of lead in the environment 
must consider, therefore, the sources and effects of 
oontanunatian lead in the world today. We are all expoaed 
to lead in die air we brathe and in the food and water wt 
ingest; furtht rmore, workt rs in p;irtioilar industries and 
mtdeols of particular areas are also exposed lo occupa- 
tional and indtistrial lead. 

NATVnUL ATMOSPaiUC LEAD 

The amouni of lead from natural sources that is released 
into the atmocphere is small, as shoivn hy the following 



cttiniaies by Fatioaan (IMS): 

SOioue duM tmm waik.... 0.0005 

Volcinir h;i)r>|(rn MIOIOill ...«.................-....m. . ■ OROfl^ 

Voldiiic Miw iif $mehr....» m....m....m... ikkhkhi 

Fotf-il (irr 5nK>kc iXXXm 

Arrosolu «-a sjlis „ tWHH 

Mricariln and mrUnriiic imokr .000000002 



The cakidation of these values involved many astump- 

tions, and the total of about 0.0005> Mg 'm' in the atmos- 
pheric reservoir is probably low. One source of lead in the 
atmosphere that may be important in mineralized areas is 
the Mciidaie from vepct-Hiion. (liirun, King, and Mosier 
(1974; showed thai heavy metals, iir hiding lead, are given 
cO in vapor by vegetation: h ad in condensed tree exudate 
nieaniied from i to 12 ppb. Although the exudate in non- 
mineratizcd areas has a much lower lead content, the 
ovenill contribiiiion is consitlcrable. A small amount of 
lead is also released from the decay of radioisotopes. 
Inasmuch as enuuiatkms from the volcano, Mauna Loa, 
Hawaii, affect the general < in ulaiion of ihr trade winds. 
Kruger (1969) measuied Pl)''° levebii^ a means of .>>iudyin^ 
atmosphere chemistry and transport processes. The 
romparatively large values of Pb*" in Hawaii indicate that 
hiiJe is removed from the atmosphere during the trade 
wind transport over the open ocean. The release of Pb*" 
bom radon decay has been estimated at 2,260x10*'* curies 
per m* per year far anmial lainUl in Great Britain, ¥dth a 



mean air residency time of about i weeks (Hill, I960). 
Because of man's widespread cont.-!mination of the air 
with lead throughout the world, data on natural levels of 
lead in the atmospheivaicdifficiilttoobuin. Certainly, in 
nonconiaminaied areas of the ivorld. lead in the 
atmosphere a\ en4Kes less than 0.01 Mft'^m* and perhaps 
less than 0.001 mV A median lead value of 0.019 lig- 
m* was reported by the U.S. National Air P(»lluiion 
Control Administiation (1968) from 29 nonurbon collec* 
lions made iti 1965; likewise, no signifitani lead (< 0.001 
M g' tn') was delected in the fourth quarter of that year at 
six stations in remote areasofthecountiy.tMingcqwcially 
sensitive methods of analysis. 

LEAD CONTAMINATION OP THE AOt 

.Mlhuuifh thf <[<!.:inntv nf !r;n1 mpr-^'ff! frr>m fnr>d and 
water is muiii iughci tlian thai taken m liom uikui air, 
inhaled lead is much more readily absoiljed, i)robably 
some 20-40 percent of lead absorbed istlerivediiomtheajr 
(Carroll. 1970). In general, the higher the atmospheric 
level the higher (he blotnl level of lead and, presumably, 
the total body burden. The differences in the concen- 
itatibns of lead in surface air collected by the Atomic 
Energv Cejinmission along theirSOth Meridian networkin 
1967 are nhown m tabic M (Harley, 1970). 

In data compiled by McCaldin (1966), mean 
atmospheric lead concentrations foi pat titular sets of 
samples ranged from 0.3 ng/m' of lead m 119 Minples 
from suburban stations of the National Air Sampling 
Network to 44.5 ug/m* in 7 samples coliccied ttom 
Boston's Sumner Tkmnel. Lazrus, Lotange, and Lodge 
(1970) rciKjrtal on j I rm spheric precipitation samples 
collected from a nationwide network of 32 stations in the 
United Stales. The lead values avctaged lor each siaiwa 
ranged from 0 to 138 g of lead deposited OQ 1 hectaic by 1 

cm of pret iptlaiton. 

An increase with time in lead in the atmas{^iere has 
been shown by Muro/^imi, Chow, and Pirrtr'on fl%9) 
who studied the annual ice layers in daiea ^ct lions in 
northern Greenland. The lead c on tent of the ice was less 
ihanO.0005 |ig/kgin8Q0B.C.;0.01 |ig/kgin I750,aiihe 
beginning of die Industrial RewdiHion; 0.07Mg/kg in 
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Tablt 51 — l.fdii (iwjj rm'/aat/jii lu iuifarr mr tn /«ft7 /rom u k-itfd 
sitn alunti ihr SOlh Mriidian 



iUK kunpM 



■ ml 



Thale, CNcnbmi — 70° \ <ooi 

MaonHmcv.QNttdil iS;; N « 

NVw Viiik. N.y „,„„.„— tl " N 2.h 

Stt rliMK. V.I. S9^ \ 71 

Mmihi, fl. 26' N. 1.7 

Bimini. U.1I1J11U ManUk « 2(!» N. ftIO 

San JiMN. P R IV N. 0 80 

Bilbcxi^ P^naniii ,.,,,,►,,,—,«—-——-"•--•■»•"»*••" 9^ N« 0.^3 

<;«nyaquU. enudur. 2*S. 0.95 

(;»K«.il>jy.i. IVru _ l«»S. 

Aiiiotajtaiu. Chik 2** S. 0 06 

SaniiaRO. Chite SS°S. 0.fl7 

Punia Armas. Chile. ................. 5iJ° S. 006 



1<>10, .uul 2 ' kt; in IW> Lead contents of \ni.ir< tic 
ittr are muc h lower, probably bet ause much less lead is 
introduced by man into the air of the iou ihem bemispbeiie 

than into th:it of tfir nortJn'rii hcniisjilu-rf. 

LsmiidU :.•» I.A tht jfMtlenct' lunt uf U ad in an r<n»ge from 
1 to] wtrksdeiiending on the si^e of the particulate mailer 
with which the lead is associated (Lagerweirff, 1972) 
Measurements of aerial concentratiorts of Pb*" show an 
upwaid iran.s|)ori of ihe finer |)ariii ulates into the tropo- 
sphere and beyond. The aerosols then travel toward the 
poles, where they become conceniiaiedand sink again into 
the atnv>s|ili( ir The i \ ( 1.- is < losed by suifaceaircunents 
which move toward the equator. 

The moat significant contribution of lead to tht 
atmosphere is from ihi i uinfiustion of leadrrf (;;iso(inr, as 
table 33 shows. Accordmg lo Jerliaar and Bayard 1 1971) 
the lead originates in the antiluiock fluid, which contains 
PbBr,, PbBrCI. Pb(OH)Br, (PbO)jPbBrj. and 
tPlK^t^PbBiCl. Aftei burning, the comjioundsrccombine. 
SO that after 1 8 hours 75 percent of the bromides and SO-40 
percent of the chlorides disappeat, and the proportion of 
lead carbonates and lead otddes are incicased. A study of 
the aenuols in Fairbanks. Alaska, by Winchester, Zoller, 

Table 95. — Lnd cm<<\r»nt in ibr I nited States, I96t 
(Pau imn llii. LmmHinitnBl Pmwnian Aipivt loinl in NtUoml tiimili ObvkiI 
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Duce, and Benson (1967) showed ihatalthough the weight 
laHio Cl:Pb aveiagm dote k» lAat of ethyl fluid (0.34) the 

Br:Pb ratio is 4 times less than thnt of ethv! fluid fO.59) 
lliis uiforrnation supports du ihwry thai lead halide 
particles, formed initially b\ <oinbustion of ethyl nidd, 
lose bromine by oxidation and volatilitation. Theesttent 
of ihe lead contribution to the atmosphere from ethyl 
gasoline was proved by Chow and Johnstone ( 1965), who 
determined that the iaotopic composition of the lead from 
ethyl gasoline and of aerosots from the Los Anfteles basin 
\M i( ihc sanir. The It . id fumi ( ai t xhausi wa'> idcnlificd 
also in muunt^n uiuws and in the surface waters of the 
ocean. This identification followed a joint study by the 
I ' S Public Health Ser% it r ind the petmlrum industry of 
the lead in ihc atmosphere of three citK*s— Cincinnati, 
Philadelphia, and Lc» Angeles — which was conducted 
from June 19fil to M.iy I0r,2 I udwiK and others, 1965), 
during which tinw 2>,400 sanipks were collected from 20 
stations. They Ibtuid an average concentration of 1.4 i|g> 
m* in Cincinnati, 1.6 ng/m* in Philadelphia, and 23 og- 
m' in Los Angeles. Conoentnitions as high as 44 ng/m* 
were measured in a vehiorlar tunnel. Tht highest i onrt n- 
trations were found during the autiuiin and winter 
months and in the early morrnng hours. Other studies in 
tin- I'll lied Slates .iiid cIsrvslRrc have '.ubsiariliated these 
findings. Temperature inversion phenomena in San 
Diego, which prevent the vertical movement of air above 
the hw"^ of fhr inversion layer, wrre sitidird by Chow and 
Earl ( I97U). Although pollution in San Diego is reiaiiveiy 
low oompared to that of other cities, average weekly lead 
( oncentniiions of ,is nuicJi as H in^ were measured. 

A study by DdJiic-i, Motto, and Chilko ( 1 970^ lta$ shown 
tha I a rela tionsh ip exists between the amount of kad in the 
air and trafitc volume, pioidmity lo the highway, engine 
arreleration, and wind direction. They also found that 
traffic markedly affected lead content of air only in a 
relatively narrow zone along the highway, with the lead 
oonieni decreasing more than 50 percent in the interval 

fioui 10 to 150 fm (3 to 46 m). Ault. Scnethat. and 
trlebach (1970) demonsuated that there are significani 
differences in lead isoioptc ratios found in rock, soib. 
j^ra ssl^. irc<' leaves, normal air particulate, and those 
found in coal, fly ash, gasoline, and fuel oil. The Pb^/ 
Pb*** ratio of 18.2 in air within 500 feet (152 m) of a 
turnpike approached that of gasoline (16.3), whcicas at 
greater distances the ratio averaged 18.7. 

.\ h serious source of atmospheric lead is in fly ash 
w htch originates mainly from the burning of coal by 
power plants, steel mills, cement plants, and other 
industrie^. In a ict eiu II..S. Geological Survey study of the 
coal and fly ash produced by power planu in the South- 
west Energy Program, it was found that coal being 
piodutnl for 10 power plants had a median content of 50 
ppm lead in ash (73 samples), with a range of 30-200 ppm. 
Itoitom ash had a median content of SO ppm. with atange 
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of 20-30 ppm; fly ash had a in(di;in i mi lent ofiOitpm ItacI 
with a range of 20-70 ppin. At tiic Four Corners plant, in 
San Juan County, N. Mex., fly ath collected in the ttadt 
wns rompared with the effluent falling on \r(<ftaiion aiict 
Soil ul (he ^urroiuuling area. The ily ash in ihe >,uik 
averaged 70 ppm lead and the effluent only 20 ppm. 
Analysesof theiopone-half inch of soil along twu6.5>nule 
(10.4<l(ni)oavertesftoin the power plant indicated, for IS 
miles (2.4 km), a lead content almve the 20 ppm reported by 
Shackktie, HaiQiilon. Boetngen, and Bowles (1971) a« 
average Ibr VS. soib. but the lead value at no point wsn 
greater than 30 ppm (Cannon and Anderson, 1972). 

A maior but reiaitvely locai source ot aimubpheric lead 
IS the effluent iiwn mining and smelting opnatiam. 
Djurir, Krrin, Craovar-I^posavir, Novak, and Kop( 1 97 1) 
upurifd on .i il( i;iiled study of lead levels in air, water, 
plants, and uniu- id the environs of a lead smelter in 
Yugoslavia. The smelter lies in a basin, has been operative 
sintf 1746, and ourently produces 22,000 tons(19J00t)of 
lead annually. The stark had no filtering devices until 
1969. Samples of air collected in 1967 frr>m three villages in 
the valley had a lead content ranging from IJ to M.0 ng/ 

m*, with < onsidfrablr variation on tiiffcrcnl samphng 
dates. Lead contents in soib ranged from 91 to 24.8W mg/ 
leg, oonipand with OJ-87.4 mg/kg in uncontaminated 
soil I'hf n\ft that rwivcd ffflueni from the smrher 
raiigc-d HI lead tuiitciu (rom 685.12 mg 'l at the snirltcr to 
2J9 mg/l 22 km below the smelter. Above the smelter the 
river contained only 0.001-0.02 mg/l. Analyses of food and 
forage show relatively low lead levels in peeled produce 
but high levels of lead in lettuce and hay: the lead levels in 
hay are loxk lo cattle if the hay is used exclusively and 
continuously as fotage. Milk, meat, and honey were also 
contaminated, the Ir.id i oiiicnr in milk Ix ing 40 limes the 
national average in tlie United States. Lead in the environ- 
ment is being absorbed by the inhabitants at levels 
suffifimt to indiifp a physiologic respon.se. 

A Had', has bttn madeoi (hedistribuiion of lead around 
two smelters in Toronto, Canada, and of blood lead levels 
in the local families. The lead fallout was shown to 
originate from episodic large-pariiculate emissions from 
near-ground .sources rather than from slack fumes. 
Between IS and 30 percent of the children living in the 
contaminaied areas hwi absorbed excessive amounts of 
lead, but probably thr Uwd w.is ingested from 
conuminated dusts rather than from drinking water, 
home-grown vegetables, air. or paint pica. Of the children 
who had absorbed excessive lead, j-w t 'if those splw frd for 
special study showed metabolic thaiiKi^, 10- 1,*) percent ot 
this selected group showed subtle neurological 
dyifunctioiM and minor psychomotor abnonnalities 
(Roberts and others, 1974). 

Cases of lead poisoning have been reported among 
workers and residents near a lead smeller in India where 
the daily flue cmiisioos contained almost tJBM lb (900 kg) 



of lead; in Oilombia, families living in lead foundrit s 
exhibit chronic symptoms, and many children die from 
lead poisoning (Haley, 1969). 

Lead poisoninc; in 75 children in SmrlicTfown. an arra 
cA IL'd I, mi lilts near El Paso, Tex., whfie lead has been 
smelird sunt IS87 (Wall Street Journal, 1972a. b). has 
recently shown theutgency of the problem in thiscountry. 
An intensive monitoring program has been initiated to 
study the effects on the environment of the so-called New 
Lead Belt (Wixson and oihen, 1972) in Missouri, which 
accotmted for more than 90 percent of the total United 
Stales lead prtxliK lion in \91'i. Lc.hI Ii vcIn in soils, air, 
plants, and water are being carefully checked and the 
effectt of lead pollution on gnning animals are beiitg 
siiuiird. I.onn-ifrin siuitics shoiiKIcoiiirihutf murhioour 
knowledge of the long-iaiige cltccts of low-level lead 
contamination on the health of animals, including man. 

Cigarettes represent a minor bui common source of lead. 
Although most of the lead remains in ihe ash, an intake of 
20 ng per park from the smoke has been estimated by 
Honon (1966). Studies by the Air Pollution Ckmtrol 
Administration have demonstrated that in urban areas 

smokers ha\ c 121 times more blcxxl h ad ih.in nonsmokers 
and in rural areas, 1.42 times more blood lead (Hofreuier, 
1960). 

LEAD CX>NTAliaNATION OF WATER AND POOD 

Pt^ution lead may be ingested from several souioes. A 
main souTOof lead poisoning in underprivileged children 
is pica, or an abnormal craving to ingest odd things 

including fragnii-ms ol Uaii-hastd paint from tribs and 
walls (Haley, 1969). A decrease in pliunbism from this 
source can be expected as current laws ordering the 

substitution of titaninm-hasctl paints on niirs< ry fiirnitiur 
become effective. Cooking in earthenware poiicry with a 
lead gla^e or the use of such pottery as containers for acid 
fond.s can be a cause of It-jul pois^ming (Klein .in<! r)thers. 
1970), Vegetables .md (imts arc easily (.uiiiaiiiinatcd by 
tead-arsenate sprays and, although less lead arsenate is 
used than formerly, a buildup of the metals occurs in the 
soils of old orchards where a reservoir of lead is available to 
cTops long after the use of kail arsenate has ceased. Experi- 
mental work by Jones and Hatch (1945) showed that crops 
gnnvn in soil taken from an ordiani with a spray record of 
22 years assimilated from I to 3 limes more lead in the 
above-ground portions and 2 to 8 times in the below- 
ground portions than the same crops grown in unsprayed 
soil; a maximmn !e,id vnlnr ol S5 ppm in dry weight of 
peeled eggplant was rccurdt-d. 

Lead may also be introduced inio cultivated land 
di rough the use of tailings from lead-tinc mines or of 
h igh-lead limestones for fimilizer. Warren. Delavault, and 
( ross il%6i have i('}«)ited on the use of a limestone 
containing 45 ppm lead for fertiliser on land which then 
pioduced oats containing S-4 ppm kad in the dry weighL 
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The soil and \Tgrtaiion in the vicinity of mining 

opcraiians (tvcii ilioiigli long delunci) ma> bf 
contaminaicd by waste and spoil piics. The lower |>an of 
the Tamar Valley distrkt of west Devon and Cornwall in 
Great Bi itain is a i ii hl\ niinrralized area which was mined 
(or bast- iiicutlii in ihc 1 <itlut.-ntury. Soils from pastures and 
gardens contain unusually high contents of lead; garden 
soils had a maximum of 522 ppm total k*ad and 36 ppm 
available lead (extractable with acetic acid) (Davies, 1971 ). 
Radishes were used as a oonvenient test crop to measure 
actual uptake. They contained a» much as 74 ppm lead in 
the ash. Davies (1972) condudM that the inbabftsnu of 
this valley are exposed tu a greater lead insult thaniliiular 
populations elsewhere in Great Britain. 
Drinking water standanb have been set by the U.S. 

Ptifi'it Health Scr\i(c at 0.5 mg 1 inaxitmirn foi It-atl. 
Although grouad-waici lead levels have rcniairK'd 
relatively unaffected, man has increased lead in surface 
watprs ihrough agricultural practices, fallout of lead 
alkyl aerosols, contact with scrap and waste heaps, and 
mining activities. However, according to Patterson ( 1%5), 
in ruiai anas the atmospheric washout ot lead aiicyl 
products should immediately be fixed in theclay tractions 

of the soil and thus make liiili-i oiiitihiiiion to the surface 
waters except ihrough storm sewers. Sewer treatment 
plants contribute lead to suifaue watets^ although about 65 
perrent of the lead in drinking wnii t is re moved in treat- 
ment processes, according to Horton ( 1966). He slated thai 
lead is frequently present in tinfilleivd smfsux waien at 
levels well above the maximum permissible concw- 
iraiiuii but is generally miKh lower in filtered water. 
Analyses of 42 sewage sludges from rural and industrial 
noma in England and Wales show very laise oonoen- 
tntions of rertain trace elements. The sludges contained 
from 120 to ^,000 ppm lead and had a median eontent of 
700 ppm in dry weight (fienow and Webber, 1972). 

Contributions of lead lo gtotind and surface waten from 
rainfall axn range as high as 0.49 mg/1 in areas of 
industrial contamination or high traffic volume. 
However, Lazrus, Lorange, and Lodge (1970) have shown 
that theie is, on (he averagr. twice as much lead in 
attnospherR piccipilauuii ah in inuiiiLipul water supplies, 
suggesting that the lead precipitates or is adaoriied on 
suspended matter and is thus filtered out In piocessing. 
Ettinger ( 1 966) showed maximum lead in surfooe water to 
be asstKiated with nictalworking and chemical 
industries, but concluded that only a fraction oi the lead in 
surface water remains clissolved. 

I.<'.id piping and Icail solder used wiih <op{x-r tubing 
may also be a significant source oi lead in water distribu- 
tion systems. Aoxirding to Patterson (1965) many of our 
largest riiies use lead pipe exclusively for water service 
connections. She l^tas estimated a per capita contribution 
of 5 |ig/l of tead from lead used in water tlisiribution 
systems. 



nracn Of INGESTED LEAD ON LtVlSIOCK 

In animals, dw loxic effectt of lead ii^esied ki 

contaminated vegetation have often been noted. Horses, 
especially young ones, are particularly susceptible to lead 
poisoning. Chronic lead poisoning in six foals on three 
different properties within 5 miles (8 km) oi the Trail 
smeller in British Colimibiaand subsequent poisoning of 
introduced horses has been described by Schmilt aiKi 
others ( 197 1 ). The symptoms were loss of weight, muscular 
weakness, stiffness of joints, and harsh, dry coats. A 
thorough investigation showed that young horses were 
more susceptible than old horses, and that lead rath«- than 
tiac, arsenic, or cadmium was thecauseof theillness. Soil, 
forage, and blcHx! Ie\e1s of the hovses <M the three 
properties were as follows; 
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In all but a few fmits and vegetables grown within 5 miles 
(K kin)of the smeller, lead < oncentrations were ( onsidered 
to be acceptable for htunan consumption, and human- 
urine lead levels woe not elevated. 

The tleath of four horses that had Ixt-n corrallixt on the 
tailmgs pond ui an old gold mine near tvergreen, Colo., 
was inxTstigated by D. M. Sheiidan and H. L. Cannon of 
the T".S. Geologital Stinry (nnpub data, 1970) Thf 
dunking water lor die huiscb (.uiiiained higii coiicen- 
tratioiu <if fluorine but the autopsy leptKt sbowed lead 
poisoning. A noxious weed. GrtfM<e^Mi«9iMno«sb evident 
in the hay fed to the horses, which had been cut at a city 
( ountry club, was subsequently found to contain 1,340 
ppm lead in the dry weight. Inasmuch as the grass in the 
hay contained only 5.2 ppm, Gftndrtia appesvs to be an 
accumulator of toxic levels of lead. 

Horses subsequently died in a pasture near Genierville, 
Mo., when 15 samples of cedar were repotted by Cbnnar, 
Sharklette, and Frdman(1971)toconiainasmurhas 1,200 
ppm lead in (he dry weight, with a geometric mean oi 348 
ppm dry weight. The area was believed to have been 
contaminated by lead from ore trucks. 

An outbreak of acute lead poisoning among cattle 
pastmed neai a lead sineliet was studicti by seterinariatis 
from the University oi Miiuicsou (Uanusond and 
Aionson. 1964). The forage contained 148-285 ppm lead 
in the drv ueighl. Acute bovine lead [Ktisoning resulted 
from iung'U'nii coniinuoui intake of contaminated 
forage, whereas hones in the same enviroiunent responded 
by long-delavcd onset of dieclassical s>Tidrome of chronic 
equine plumbism. These and othci t^^c histories suggest 
that airborne lead absorbed by and adhering to plants may 
be mote hazatdoiu to graiing animals than lo num. 
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OCCUPATIONAL LEAD 

Pliunlrim from ocxapalkinal lead used m automobile 

body tnanufacttirr and irjxait , foiinftries. clof (rot\ [>(■ 
priming, storage bactery iiianiiiaciurr, M.xuniLiry ^uKrlieib. 
and munition plants was a hazard in this country before 
1945. ImprovMl occupational practices since that lime and 
die introduction in 1945 of safe working standards for lead 
levels in air and urine have been responsible for decreasin g 
exposure to airborne lead in dust and fumes by several 
Olden of magnitude (Sioldnger. 1966). In a study of 
workers who are regularly exposed to gasoline additi>fs, it 
was found Uiat garage meduuiics show elevated lead levels 
fai tirine, but the levels are befow die present acceptable 
limits Although inhalation intoxication and skin absorp 
iiuu Juvc caused problems in other countries (Haley. 
1969), controls instituted in the United States have resulted 
in safe handling of lead alkyb. Kiraethyl lead, and letia- 
meihyf lead during manutacttne. Nemtheless. after the 
manufactured products leave the plant, they may still pose 
a hasud thiotigb careless handling by the constuner; for 
instance, acute plumbism among children has been caused 
by burning <>Itl baitfr\ cdn-s for futl in fireplaces and 
oooksioves (National Research Council, 1972). 

The contribudoiis of lead lothecnvironinentdnt result 
from man's ac tivity .ire mtirh greater, therpforp, than the 
lead that is avaihitilr m the environment irotn natural 
touices. Considerably improved controlsand monitoring 
piognnis aie indiaiied. 

AlflOBPTION AND EFFECTS OP LEAD 
ON HEALTH 

The human body tends to discrimmate against the 
heavier metals in favw of the lighter, using the lighter in 

mct;ilx)lic processes and bping poisoiu-d by the heavier 
(Patterson. 1965). ThechciuiNitv of lead li suiular to that 
of barium in its behavior in the body, particularly in 
regard to deposition in and mofailitatioo from the 
skeleton. 

Lead in animals (including man > is concentrated l.ir^t Iv 
in bone, although small amounts of lead occiu- in oilier 
types of tissue. Amounts thai have been reported are as 
fothMvs (Haley. 1969): 
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Bone repu-s<-nts ilic gicatt st sioLigf siie of lead, whit h is 
bound to bone by absorption or exchange at the surfaces of 
bone salt crystals, or is combined with the sulfate in the 
organic matrix. However, arrnrding tn work bv Kt lux' 
(1961). the average individual apfxais lo U in lead 
balanae; the body burden of lead is established early in life 
and does not change appreciably throughout the life span. 



Haley ( 1969) reported lead concentrations in blood from 
10 to 26 Mg ml; however, the lead le\-els of blood ran be 
raised experimentally to as much as 4dO Mg 100 g by 
heavy dosages in food and air. with accompanying 
increases in urinary and fecal lead (Keho<', 1961). Lead 
interferes with normal maturation of erythroid elements 
in the bone marrow and inhibits (lemoglobin synthesis in 
prertirsnr (tIIs (Kench antl othtTs, 19!>2). Lead also affects 
prophynn metabolism and interferes with the activity of 
several cmymes. 

Aldiuugh less than 10 percent of lead ingested by man is 
absorbed* 20-25 percent of respiratofy intake may be 
retained and absorbed. Epidemiologic studies of blood 
lead ]e\els show a logarithmic regression on estimated 
atmospheric exposure, according to Goldsmith and 
Hotter (1967). who postulated that further increases in 
atmospheric lead will result in predictable, progressively 
higher lead levels in the population, Ina group ot workers 
who were exposed to industrial Irad and who had blood 
lead levelsof 0.045-0,14 mg 100 g, the serum transaminase 
activity was increased, suggesting that subclinical liver 
impaiiineiu may occur at levels below the 'safe" level of 
0.07 mg/lOO g (Hofreuter. 1960). Experimenu by 
Schroeder. Vinton, and Balassa (1963) with lead-fiMl rats 

showed inc leased nioii.dii\ rates in Ijoth sexes and renal 
and hepatic accumulations of lead similar to those in adult 
humans. Hfvwever, there is evidence that the average 

iiit.ilf of lr-;i<l from f(x>d has not (hanged from its level 
diii wi^ itu thrtx- dwadf period prior to 1965, because the 
iiu it'as( u) (iivironniental lead in food has been balanced 
by the decrease in use of lead in agrit Ldiural chemicalsand 
in food processing and packaging (Lewis, 1965). 

In children, tnreri manifestations of acute lead 

poisoning, plumbism. differ from those of adults, and the 
mortality rate is relatively high. Symptoms may include 
anemia, gastroiniestinal tlistress, and encephalopathy. 
The last may result inearlydeaili, |>ermanent symptoms of 
brain dainagt , or toiupktt iccoviry (Haley, 1969). Adult 
or (hronu lead poisoning requirc-s years lodevclop lO the 
critical level, which is recognizable by symptoms such as 
hc-adache, muscle pains, constipation, abdominal 
lendeiness, colic, weight loss, and fatigue (Johnstone, 
1964). Kidney damage from lead has not been identified in 
the ITnited States although it is commonly reported in 

FutofKMii (oiintiies; this diffeieitce may b<' dii- i ■ | i' i 

industrial hygiene in Europran countries. Renal lesions, 
which may be caused by lead ingestion, have been shown 
t< j b id to hypertension and may also predispose to gout as 
a result of defective urate secretion (Enunerson, 1965). An 
important symptom of chronic pitunbism is the neino- 
nnisndar involvement, iisualK of ihr extensor musc les, .is 
in wrist diup. Chronic exfwiures to lead in tlit water 
supply have been shown to result in increased mis- 
caiiiages and stillbirths: the pregnant woman and her 
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fetus are highly aincepdble to lead poiMoing (Wilson. 

196C). 

The iM>i.s(>ning ol iiidiisirial woikers with organic It-ad 
alkyls— letmethyl or tetramethyl lead— causes a diffcn-ni 
set of symptoms called the acute brain syndrome. These 
symptoms include irritability, insomnia, emotional 
insiabiliiv. tendon rcflcM s, ;iiui tremor. Delusions and 
hallucii)aiion& may occur (Sanders, \%o}. However, lead 
alkyls decompose rapidly and are larfsely handled physio- 

lotii(.i!lv as innrK^mtr w;^teI-^.)lllblt■ lend (Trppf-r, 1966). 
Although, according to Haley, ilieic au no dix unienicd 
csues of lead poisoning tn children or adul t <> ; > 1 1 1 1 1 h 1 1 a ble to 
airborn< Inul from the combustion of leaded gasoline, 
continuous inoniioring has been adv ised and realistic lead 
tolerance levels advocated after further study. 
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ANALYTICAL METHODS FOR THE DETERMINATION OF LEAD 



By F. N. Waw and M. J. Fiskmam 



DETEUilNATION OF LEAD IN SOILS AND lOCZS 

Methods of chemical analysis with enough sen5iti\itv lo 
measure the low concentrations of lead in soil iiu lock 
samples are numerous. Such methods an based on 
EamiHar operadons of optical emission spettrography, X- 
tay specu-ography, molecular absorption (color ime(ry), 
and atomic absorption. In a review of available methods, a 
certain anaoum of jtKjgincm has to be exeidied in 
dwosii^ those lo be discussed; aoconUm^, ibeftdlowing 
(list iission will br (tcvotct] to ih<- Mu-ihodsinottooiniDionly 

used by the V.S. Geological Surn'v 

OmCAl. EMISSION SPEt-TaOGRAPMV 

Optical emission specuographic methods are used to 
determine the lead content of soils. rcKks, and minerals at 
the 5- to lO-ppm level, with a relative standard deviation of 
10-20 percent. Such precision is attained with a s*-ini- 
quantiuiive procedure variousiy designated as the three- 
step or six-slep semiqiiantitative spectrographk method. 
Rritri precision is attained v itti s!ri ilv quantilaiive 
procedures, but the semiquantiuuve methcxis are so 
widely used in die Geological Sutvey that som* dlscui- 

sion of them is in order. 

Quantitative tLita are achieved by comparing the spccua 
bom unknown soil and rock samples with spectra of 
staniiard inixiures obtained under identical conditions of 
in^iruineiiial parameters, sample handling, and so on. 
The standard spectra are produced from mixtures of 
different aoMMints of pure compounds inootpocated in 
matrices tvhosediemicat compositions are simiiarto those 
of the host materials of the unknowns. The mixtures of 
pttre compoimd pliu matrix material are accordingly 
reHened to as staiulard mixtures or simply as standards. 

Within an order of magnitude, the concentration of lead 
in standards differs by a common factor, the c ube rcxit of 1 0 
(Myers and others, 1961; Bamett, 1961). An explanation of 
the theoretical basis of this common factor is beyond the 
scope of this paper. It suffices to say that within an order of 
magnitude a series of lead standards would contain the 
ioUowing'BK'un^t'flcad.-thefirststandard, 1 percent; the 
aaoond ttuidanl. 0.464 percent; the thiril, 0.215 percent, 
and so on. 



Ward and oihcts ( H>(>5) stated that these values lould fx- 
rounded off respectively to 1, 0.5, 0.2, and 0.1 percent. 
Within an order of magnitude change in lead concen' 
tration, three standards were used and the method was 
called a three^tep semiquantitative specuographic 
method. The diffcrenoes between thestandards were called 
concentration ranges, and these rangrs were rathcT broad. 
Many s].R't irographers felt that by inserting additional 
standards at the logarithmic midpoints of these ranges 
they oould achieve better precision and aocuiacy. The 
method henceforth became known as a six-^lep semi- 
quaiiiitative sj>e< trc^aphic method. 

Alter using bodi tluee*»iep and six-siep procedures fora 
few yean nuny Survey spectrogmphers concluded that the 
value of the additional iTiidjX)iiii standards for obtaining 
more accurate results was debatable and that tlic lime 
retiuired to prepare the midpoint stasubitds as well as (he 
extra spao- m]virr<\ on the phologi^ihic {dale might 
offset any auvaiuage. 

Currently both methods are used in the Geological 
Sur>-ey, although most appraisal smdies and exploration 
programs need only the three^tep, or three-sundards, 
procedure. 

In applying the method, the spectrogmpher j»epares a 
standards plate having spectral lines produced by lead 

cxmcentrations of 1 0, 0 5, 0 2. and 0 1 ppm, and he 
designates the midpoints of the ranges delineated by tliese 
standards as 0.7 0.S, and 0.15 ppm, respectively. He 
compares the spectral line of lead from an unknown with 
the line jiroductd by one of these standaids or, il the 
unknown lies at a midpoint between two standards, with 
the range delineated by two standards lines. This range is 
often called a bracket and the midpoint further specified as 
the geometric midpoint 

Shackletie and others (1971. p. 225) described this 
method for npoitinf aemiquamitative results as follows. 

Iwacfcctt havtac baundariLTMUBTaMv O^M. OsTo.ia, O.ISsndM 

foiih, peirfni; tht bmckru art ktmiifUrd by their nspcttive grometric 
midpoinu, 1 .0. 0.7, 0.5, 0.S. 0.2, 0. 1 5, and lo (orih. Thus, a rvporicd value 
ill 0 3 i^Ktioni (oi rxjmpic. icitntiiies ihcbrackrt(roaiOJ!6toO.Mp<:rcm( 
a% ttte aiulyM's bcu nlimale o( theconccntralion pnacnt. I'hc predsiafi 
afaiiqionedinilHeitaivrosiaiMclyplittorarinusMWbiadM^ 
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petctni kwil of cmiiifcaGC. m& plus cnr miiiw nra btackctt ai dit 95- 

The lead ronteni of ihe unknown is thus reported with 
one of the following immlk iN: 10. 0 7. 0.."). 0 '-I, 0.2. 0.15, 
and 0. 1 , and the rcpunrd value fui lead will always be one 
of these numbers expraaed as a power of 10 that depends 
on the relative ooncenoation. 

TdealTy, ihe composition of the matrix or material to 
vvlu( h pure Ic.kI < oniijounds are .uldtd to form (hissciics 
o( standards should approximate the composition of the 
»mpl« as closely as possible, especially with regard to 
major romponents 'fTiesc ni;ijot ( oinpcincnts muse 
changt'5 «n tin- s.itnplc rxuiaiion, whiili, .tloiig \\ \\b the 
Spectral liiii s jiid physical nature of the sani[jks, affect 
spectral lines and intensities of the lead analyte. These 
effects are magnified because of the predominance of the 
matrix in the standard mixture. For hi^Mt accuracy, 
thereiore, standards would have to be jnoorporatrd in 
several different kinds of matrices— for instance, K<>^n, 
silicate, or < arfxinau'—aiici uliiMiaiely the number of 
standards would become unwieldy. 

In practice, a compro m ise is made, and most lead detcr- 
minalions :ne ni.nl<' on ihv bnsis of st.'iiulards prepared in 
one or two inauictts modified to approximate the vast 
number of geologic materials analyzed. Further mtxli- 
fications — such as thr addition of p-aphitp to the 
unknown sample in a 2:1 ratio — are made to promote 
uniform exd ration and inhibit die effect of major 
ctNoponents in the matrix. 

In these semiquandtative methods, spectra of 
unknowns arc conipartxi visually with sp<'(tra of 
Standards, and occauonally faulty comparisons along 
widi possible computational errors give rise lo shocking 
results which usually prove rmharras'.inf; .\u arc of these 
possibilities, spectrographers of the U.S. Geological 
Survey worked lor several years to develop systems in 
which human participation was rninimi7«1 anfl ;is T-nany 
operations as possibk- wtjc ptifuinutl uistrumentally. 
lite problem was twofold. First, they had to make an 
instrument to read the line intensities recorded on the 
plates; however, each plate is unique and has to contain 
built-in flagging so that the instrument will measure the 
intensity of the most appropriate line or lines of the 
elements of interest including lead. Second, the Survey 

sf>ectro):?ta(>hers had to dc\isc (ornputrr jirogratns to 
perform as many compulations as possible, including 
corrections for matrix and background, and present the 
final readmit in a fnimat ii<;pfnl ro geologists. The 
computer program uas (lr\ rs< (l lnsi ,uid is described by 
Hell. Walthall, and Bcniian (1969): i)h' instrument 
tievelopment came later and is given by Hek (1973). Sub- 
sequent applications and improvements are described by 
Donzapf (1973). 

X.RAY SPECTROGRAPHY 

In the U.S. Geological Survey, lead determinations are 
made routinely by X-ray sp e c ti og iaphic methods. These 



metho<!s are not (generally ronsidered as ii ac c metlKxls, but 
after chemical prctrealment sensitivities as low as 50 ppm 
widi a relative standard deviation ol about SO percent are 

achieved. 

MOLEClTUUt AaSOamON (COIjORIMETKY) 

For more than 25 years, trace amounts of lead iti soils 
and rocks have been determined by molecular absorption 
methods. The common name for this 
process — colorimeiry — is dcbtnptivc, but the process is 
one of afatotpdon. Uudtor specific conditions lead reacts 
with certain organic reagents— for instance, dithixone— to 
form ookxed species which can be exincted into 
innnis^ible sotvcMs sudi as larbon letrachloride or 
xylene. 

The absorption of the colored spedes by these solvents 

o< curs maximally at disc tett frt qticncies, and the amount 
of absorption can be related to the concentration of lead in 
the soil or rock sample. 

Molecular ah>i<>i()iion methods of load analysis arf so 
numerous that a iliorongh review li beyond Uic scope: of 
this paper, but pnKrdures included by Sandell (1959) 
illusuate some oi the available methods. For real samples 
ol tgiR-ous rocks the sensitivity of the medrad is as low as I 

ppm (Thompson and NakjRawa. \9(]0). 

Rapid field methods based oiitihc reaction of lead with 
dithiHKie have a sensitivity limit of 80 ppm, which ii 
adequate for reoonnaissanoe studies. 

ATOMIC ABSORPTION SPECTROMETXY 

Atomic absorption mctliods for lead in soils and rocks as 
used in our labotaiory were described by Ward and others 

(1969 n -uiv iiit's as low as 1 pi)rn ai c miitinely ai hit vrd, 
and undci .<t|)ecial condiuons, such as by using a Delves 
spoon, the sensitivity can be lowered by one or twoorders 

of magnitude 

Some typical lead values dctcinuncd iouuacl> by un 
atomic absorption method are as follows: five repeat deter- 
minations on a saiKblone yielded 12-16 Mg/glead.witha 
relative siaiidaid deviation of IS peivent; oonresponding 
values on a granite uere 22-24 MS/g. with a iclativc 
standard deviation oi 5 percait. 

ELECTION PROBE 

The electron probe is useful for determining lead 

I oncenttations greater than about 0.1 portent Iriordinarv 
soils and vegetation aixl in many rocks, the lead conoen- 
tiation is too low for measurement by the probe. In 

mincials, Iiowever. tlie local tonrrntration of lead mav 
easily exceed the threshold amount, and the probe is most 
useful for determining such enrichments. 

DtTEtMINATION OF LEAD IN VEGETATION 

One routine s|)ectrographic method far determining 
lead in plant ash calls for mixing equal parts of a'>h with 
quaru to simulate tlie silicic matrix in which ihesundard 
powders are incorpotaied. The obvious advantage is that 
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the same standard plates ran be used on plant ash and 
silicic rock samples. The obvious disadvantage is that the 
smsitivi ty Riven above lor lead in soils and rocks by optical 
(■nli^^il)n ^jx i trography is only 10-20 ppin. This 
5en&itivi(y is adequate for tnany species o( vegetation, but 
is inadequate for some specific applications. 

Retenily Mositr fl97l. 1972) inrorporaied standard 
powders in a plant-ash base and, with a splii-sIii 
technique using a Hartmann diaphiagm and a step filter 
assemblage, achieved a siinuliancoiis recording of 35 
elements including such voiatile elements as silver, 
arsenic, bismuth, antimony, and others. Using this 
procedure Mosier determined amounts as small as 1 ppm 
lead in plant ash. with a relative standard deviation of 20 
percent. 

Tiace amounts of lead in organic matter can also be 
measured by aiuilycical methods based on molecular 

absorption (rnlnrimetry) and atomi< .ihsorptton ^^('t^lrx^s 
based on X-ray specirography may also Ik- iis<'(I after 
special sample treatment, but many difft x nt >p((us 
contain less than threshold amounts and such X-ray 
methods are less useful than other pmcedures discussed 
here. 

Molecular absorption methods lor determining lead in 
vegetation are similar to those for soils and rocks except in 

sample si/c and tr< a(iiutii Ixlort- aiial\M> I sii.illv n 2-g 
sample of air-dried and ground vegetation is used; the 
minimimi lead content thai can be determined is near 0.25 
ppm. 

Atomic absorption methods for lead in vegetaiiun are 
again similar to those for lead in soils and rocks, except in 
sample sijf ;»rid treafmrni. A^^linK is necessary and can be 
accomplisluHi either with oxidumg acids ot by ignition in 
a muffle furnace at temperatures of 450^-500^C under 
controlled conditions to avoid losses. 

Detection Itroitsforleadof 0.02 mr/hiI are quoted in the 
literature (Perkin-Elmcr Corporation, 1971) Siu h litniis 
are achieved with conventional atomic absurpiiun tech- 
niques, but widi a flameless procedure, Femandec and 
Manning (1971 ) dnet ted n<> litrli is 0 1 ug I. Ward and 
iMhcrs (l^d) defined sensitivity in more practical terms, 
and, using a new procedure, they at hieved a sensitivity of I 
1^ K g in pl.inr asli. Five sampli > of fir ash lontain .lO-tiO 
M g g lead. On the basis uf 1 percent ash. Uiese values are 
equivalau to 1.2-2.4 ng/g lead in air-ilry sample. 

DEnmiNATiON or lead in water 

The literature on analytical methoils for the deter- 
mination of lead in water » voluminous. U.S. Geological 

Survey personnel have peri* nlit all v ir\ ii « < d rlir literature 
of analytical chemistry applied to water analysis; die bst 
such review was published in 1975 (Fishman and 
Frdmann, 1973). These reviews are a good source of 
references to published dcscriptioiii* uf analytical 
procedimt for lad. and we will not attempt to duplicate 



these references here. The princiiwl methods used by the 
U.S. Geological Survey for determining lead in aqueotis 
solutions are atomir absorption spectrophotometry and 
emission sp< i iidm < )[>> I i n example, the analyses for this 
report, which were pcrfonned by U.S. Geological Survey 
perwmnel using these techniques, and which are described 
h". M J Fishman (this \oIumei. ^serrdt tcirniriedon water 
saiiipit s filtered at the time of collection through 0.43- 
n m-membiane fillers and acidified with nitric acid to a 
pif less than 3. 

.\tomic absorption specirophoiometric methods are 
being used rouunely for the direct determination of many 
trace elemenu; however, lead normally occturs in fresh- 
water at concentrations less than can be directly detected 
h\ .iiiiraii .il)soi piioii. Th(ief<trc, a prcconcentration 
procedure is essential if lead is to be determined by atomic 
absorption. Brown, Skougstad, and Fishman (1970) 
ilescribetl a rapid simple a< i tir.iie and srn<iitivc prrron- 
tentration procedure in which lead is chelated with 
.imnionium pyrolidine dithiocarbamale (APDC) at a pH 
of 2.8, and the rhelate is then extracted with methyl 
isobutyl ktiuiR iMIBK). The extract is aspirated into the 
flame of an atomic absorption spectrophotometer. Water 
containing from 1.0 to 20.0 Mg'^l lead may be analyzed by 
this procedure; higher concentrations must be reduced by 
di 1 11 1 loll. None of the subsiani t s i oiiiiii' inl\ < m < ui i iiif; in 
natural water interfere with this method. Fishman and 
Midgrtt (1968) rqponed that resutu obtained by this 
pnucdun- :m- in good ^preemcnt with those obtained 

spci t rugraph ical I y . 

With the emission spet trograph, lead in water is 
detennined simultaneously with many other minor 
elements. Three methods arc described by Bametl and 
Mallory (1971). The first method consists of evaporating 
the water and analyzing the residue, and is used (or the 
analysis of samples whose dissolved>solitls concen- 
tralions do not exceed about 1,000 mg I. Tliis nn iIkkI is 
sensiuvc, precise, and reasonably accurate. The lower 
Imiits of detectiim vary with the quantity of dissolved 

solirls; lioui'\ei, in otdet U) .i<hie\e louei limits of 
detcxtiuil tur water samples cuntainnig muie than 1,000 
mg I dissolved solids, it is necessary to sepnirate lead and 
other minor elements from the major constituents prior to 
analysis. In the second method, lead and 20 other metallic 
elements are piecipiiaied with thioac^tamide, and the 
resultant sulfides are converted to oxides and analywd. 
With the third procedure. 18 elements, including lead, are 

preci|)iiated by complexiiig w ilh ianin\ .k id, iln'nnatide, 
and 8-hydioxyquinoline. llie precipitates are ashed and 
the resulting oxides analysed. 
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Taujf. 36— AornuiJ lead iuntrtit i/j st/tnr utuontamntaled natural 

substiiiit n 
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CALDERAS OF THE SAN JUAN VOLCANIC FIELD, SOUTHWESTERN 

COLORADO 



By Thomas A. Stbven and Peter W. Lipman 



A&SiRACr 

C^ldaa in ilic tea Jwn wolaunr (irU in midiwcMcni Golaiitio 
IbnanI Imv^t in Imt OHvnrrni uhh MKStt n.y. ago) in mponar lo 
Kcumni laiBr-volumradi-flov t tLi[i<i'>iit Thr ash-flow drpmrn mir- 
lir a cralncing 2M«nbUKr <i4 r.irl> ()li|>i<iiiir r> SO in \ < jiKi'^iiu 
vtnil(nt>l»mm that (oniKti lUr MKnhuf>i [xiri >A .1 w kI< ^|»rf■.*^l 
comix >M:r Mill .(iiii (11 III in tlx v.>uili< in Ri« k s Mi mm iiv A rw-.n K 1 -tie' 
Uwjtir )i UtMXuiiip <'xii4!> briwrtrit tai|^-M^k pyicKlattK CTUpxiont aimI 
taldrrai: It) nw|ur «h-(luw ihmt havr bn-n idmulird, l5(aUirt» air 
known. 2 arr pcniulainl on indiirci niilmcr. and anaUier one amy 
|IOuib)> br idniiitied Ml the nurilicaitl pan nl the MdCMliC fML In 

vwn). tt» difleicm aldin eyelet ooniina ihc mmxc«hi« Matn ol 
ilMlafMaatt dncnhed by Sumb and luilcy in t9t$, CMCpi ihai le*> 
oJdRH daatmuum »■ Mitt of aciiviiy. On the oihcr tamd, ilmou 
cmyiOfritciiccptianaHytiwIldnelapedinaiKcriMTeaftlircaid^ 
Tlttdncla|MM«al liweildicm is brlmed to chwnicle ihe wwpbfr 
niMM of fucmuvr KRiiinitt of in undnlyinK khatlow hMholilh that » 
hkIm jirij h\ J nnjof ^r.iv iis low K,i\ irif.; •'K.iip m.ir^;mjl ni.nl i<iit^ tar Is 
ijUI'tj-. in ihf <.iMiin [mm <iI iiu ntUI (uiiiiol ui jini ol iluMrn-v! 
•ndrsiiii vr>li.jit(K > .ind all ihk t Iraily asMKumI wuh ihr in.iin f;i.iw!y 
loM 1 tint caily taUirrai arr brlmrd 10 lusr- lutiiu;U aUnr locat litgh- 
lr\rl inaKinachambrrs ihal dorlMpnl m ibr r<ii>i\tj( ihr volcano tluMcrs 
brlorr ihr mam body oi ihr balholiih row 10 shallow drpihs. Post- 
lollapK volcanics arc laigrly of andniiK (omposiiion, indicaiinf; ihal 
only liaiicii volnaici of ailinc liiiiacniialB famed ai the lop* of tbc*r 
diambm and chat ittnt dtHncfUteu* woe dtphwd by ihr tuMtem 
nupiions. 

I hr we>irrn San Jiun taKlrfa tumiilix .ll^<l Ii.iiih-i-I m .in ■ li 
< luMrird railirt andrsiiK vokanor*. but .111 .)l»ni tin wrvi. m [■.iti 1 1( ihr 
baiholiih induairdby K'avHvdaU l.argr t4>tu<iw*<><rl hIuk (littrtciitiam 
loonrd wiihui ihr balhciliih and wnr \)irrad widrly liy .i»h-floM 
rrupiioni. Fivr caUirras formrd wiihin a penad of abiiui '2 ni.> (tn ihr 
inirTval from 29 10 27 m y aK<>), and conUailinil lilhuliiKirs u( ihr a>h- 
flow (hcctt related to the taldnas requiie irquenlial dcvrkifMncnl oi 
aipotai awdmagmiiictMlfcwwiiaiiiai) wiihin ihcm. PomubMtkncelava* 
dwt woe cnipicd afwr emplacemrni of the twM «ol(Hninou> of thrir 
ath-flow slw«u weir btxrly of mafir qiuru Hfite 10 andniw com (« n 1 
lions. indKaiinR irmpofaiv drttlriKjti iii ^iIh u diffnrniuirs in ihr 
tourer magma chambrt. In ibr sainr aira. a iimh laldrra formrd i-b m.v 
lairr in it-s|»(ris< lo < iu(»ti<in 'il .1 [« in >!' Ji-'h .iK ^ 'li-i.ii'i ,i.h il m iu(f 
brlir\rd lu h^nt- luil .in ki i){iti iiillt itiii Ituiii ilii laiiH-i .iiti-tluw lulls 

[Vvrlopmmi ihi < niiral San Juan (jldrta tomplcx bt'Kjn aboiii 2l* 
m y. ago. during ihr priiod oi ash lloK riupiions and caidctacollapart 
in thr wrsirm San Juan Mounlains. and was largely caBl|llcWliydieelld 
<if the Oligocmr, 2b in.y. ago. During ihis 2-in.y. i|K>n. rrrurrmi prio- 
clauic enjpiiont caiaed tlcpmition of right major ash-tlow \htt'i\ aiHl 
ionmiiioa «f at Icati Mvrn caldcta*. The cakieta* aie above the mam 
tanmi Kpnciu of (he giovMy low and are believed w mark the 



tiiliituuiiiig upward nvitrmriii of magma in tiiiii part ot tiie baiholith. 
(>>niraicing liihotoK i< '^ < >l vitjumiial ash-llow thrrts, which wnr derived 
Inwn iluMCted and. in lomr pUcrs, nnirdoldcra sources, rrquirc rafiid 
dr\rlaptnnil of MMi rssivr cupolas above the haiholiih of and local 
diKtteniiaiion within ihrm. Mom of the poHMibiidencc lava* chat wcfe 
rrupted late in the diflereni caidcra cycle* areooawefy poi p ttyridc qitirg 
Utile* Kwipoiitioiiafly rctaled lo the wioriiiKl aib^low mlCK 
appamiitly men the mmou noliwiiwmwh-floif eiHplif dW not deplae 
ihr silicic dilltaciiiiaKs at lit My of lUi paRol Ae baiiholith. Cbb- 
currmi cruplion of anderiltc mdu ftoin Kaueicd wolcaaoca notdoKly 
.i^MH i.iK'd M iiti itit t jUN r.is i« rvidmor of ihr paeKMeatoKIRlinfkllir 
Ultkit'linjit-v! maKiii.i ji ilrjjih. howrvrt. 

fhr lite siMii 111 ihi lijihotithic magma chambri. as indicated by ash- 
How rrupuoiu and (.akina subsidcncr, appears 10 havr bem brief. 
VolumiiKMis andcsiuc malrrial was rrupted train widely scaitrrrd centers 
ihroughcnii early Oligocmriimr(S5-S0m.y. ago). Toward ihrmdof this 
prriod, ihr lirsi local magma thambrrs 10-30 km arrnts had risen to 
shallow depcbt beneath toaie of the niKiiv volcano clueien, and had 
diilaaiiiaiidiuaicicntly to nipplylanewiiuinnoliiliriraih, Within 
ihe neu4 oLy. OLy.). ifaeqiain faaiiialith rate toihaikNriiqilliaiii 
M^gmenu ladicBied fay the main taUeia fXanideata: vatt t|iiaiKiii(» ^ 
wrrr rruptrd am! numrtouscaldctas collapsed into ihe parity r\-acuaud 
magma ctuiinbrrs. Ilowrvrr, within another 4 m.y. (by 22 m.y. ago), the 
baiholiih tiad fni)K<-<li'<l miHh imily 10 allow a youngrr, priroIi>Kii<>ll> 
dutinciive magtna 10 pmniair 10 tumpaiatilv shallow d^Mluand retain 
iti (MnpoHtiaiHd idnMiiy. 

INTRODUCTION 

lite San Juan Mouniaim. souihwmern Coloiado (Ug. 
I ). consist mamly ol vcdcanic rocks that form the largest 

rrmriarit nf :t major rompositp volonir field that covcrrcd 
mo^i oi the Miuiheni Rocky .\ii>uiitains in tniddle Tertiary 
time (Steven atul £pi», l'J68; Steven, 1975). This remnant is 
an enxled volcanic plateau (Steven, 1968). in which 
coalescing early andesitic volcanoes were widely overlain 
by the silicic iiiffs of 18 major antl sevetal minor ash-flow 
sheets and by reiattti lavas and breodas (Lipinan and 
others. 1970). The sources of all the larger ash-flow sheea 
were near-surlace magma chambers that were rapidly 
evactiatttl during voluminous pyioclastic eruptions, 
thereby causing collapse of overlying caldeias. This paper 
reviews the history of (he ash-flow field and its !> I ir I 
caldera^ and suminariics the ^neral relations that seem 
common to most individual cycles of pynKlastic enipdon 
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CtmtAL 

and caldera ^ulMidencr in the San Juan firld. 

Vhe sequence of events wi* have dctrnnincd for each o( 
thecaldCTMcuii lu t i nt well to ihouecosion of stages in the 

dt^rlojiT'irTit of a tvpiral rp^urgeni caldeni di-x Tif<'! h\ 
Smith and iUilcy (Iy6»). although fc^*" uJ the Sin jiiaii 
caldetas demoasnale »ll atagei of activiiy. On the other 
hand, almost ever>' stage in excepiiuna ily well dewkiped in 
one or more of the .San Juan caldeias. 

GENERAL GEOLOGY 

The general evolution of the San Juan volcanic fieldhas 
been desaibed by Lipman. Steven, and Mchncrt (1970) 

iinil will be outlined only briefly heie. Volcanic activiiy 
began in latest Eocene or earliest Oligucene time, probably 
between 40 and 35 m.y. ago. ■ The early rocks are largely 
interraediaip in (omjKjNiiion (.inilt-snc, thv( >il,i( iic. ,md 
mafic quaru laiiiivi J.t\d were erupted iroin in»in\ jittred 
stiatovolcaiioes. These volranoctweve especially active in 
the inter^'al from 35 to 30 m.y. ago. and the products 
drrived from them coalesced into a composite volcanic 
1. I <\( img more than 2">.()00 km*. 

About 30 m.y. ago the charainer of volcanic activity 
changed marlcedly to predominantly pyroclastic 
eruptions, and l.ii(>t volume ({u.irti! latitic and rhyolitic 
ash flows spread widely from many centers. Most of the 
ktfgcr sheets show evidence of <»mpound cooling, and 
evidenth \w formed by ni.in\ individual ash flov^'s that 
followed one another in rapid succession. The earliest ash 
flows came largely from die northeasiem and southern 
parts of the San Juan iifhi. and u err rnipirri knm rlusiers 
o( the eaily ^ttatuvtikaiiues, caltitia lullap-vc resulting 
from the ash-flow- eruptions largely destroyed the up|>er 
parts of these wili .nux s Postsub^idence eruptions around 
these early caldtias wen iaigely of intermediate- 
composition lavas and breccias tli.ii commonly are 
virtually indistinguishable from the early iniennediaie 
nxJis of the composite vokanic field. 

Beginning about 29 m.y. ago, ash'flow erupuons broke 

out in the western part of the San |unn \olraiiir field 
where five calderas fornied in less than 2 ui.> . f lie lust two 
of these raider. is arc largely covered and are impofeclly 
understood, but ihe lasi ihrif evolvi-<l in a manner 
generally similar to the early calderas tarther east. I hey 
developed in an area of clustered andesitii iciitral 
volcanoes whose vent areas were largely destroyed by 
caldeia subsidence. Postsubsidence eruptions here were 
also mainly of iiiieriimiiaie-toinixiMiinn lavas and 
breccias that closely resemble those of tlie early volcanoes. 

About 28 m.Y. ago, while ash Hows were still erupting 
and calderas forming in the western San Juan Mountains, 

'I kir]ji wKrtr <MlwrMiw- mirvl j|l «|m> i : 

MrhnmttVfUto Mr.ai.Metin(rt. amlcibtaloo.ti I'n.j, I 



GBOLOGy 3 

inajol p\r(Klastic eruptions began in the central pan of 
[he San Juan voUanic field. A sequence ol eight major a&h- 
riow sheets formed, and caldera subsidences have been 
Hieniified or inferred at all the ash-flow soiirtr areas. Post- 
sLihsideiu ( ei upnons around most of the c enii al San Juan 
calderas were of viscous quartz-laduc and rhyulitie lavas 
closely related in composition to the ash-flow tuffs. 
Although some more mafic volcanoes were active during 
this same interval, they were not closely associated in sptace 
with the developing cakkras. Ash-How activiiy terminated 
in the cemial San Juan Mountains about 26.5 m.y. ago. 

In eailv Mic«(iit lime, .dioui 2^> m.y. ago, the character 
of ilie erupted material changed (rom the andesitic and 
derivative rocks that formed the early San Juan volcanaes 
and succeeding ash-flow luffs to fnntlanieniany txisaltir 
materials with some associated high-silica alkali-rich 
rhyoliies. This change appfoxitmiely coincided with 
inception of basin-atuI ranK' faulting; in the adjacent San 
Luis Valley vegineiu ot the Kiu GiawUe uough (Lipman 
and Mehnert, 1975). Fundamc-ntally basaltic eruptions in 
the San Jtiair fiel<l (oniuuietl inteiniiiietiilv until atK>ut 5 
m.y. ago. ihe oiilv laige \olunic ihsoluu aih llow tuff 
deposited during the period of fundamentally basaltic 
a<tiviiy is the Sunshine Peak Tuff, about 22.5 m.y. old 
(Mehnert and others, 1973a), which formed from ash flows 
that acfumulaied in and around the concurrently 
developing Lake City caldera in die western pan of the San 
Juan volcanic field. 

In all. 15 calderas .ne now known in the S.in Juan 
V olcanic field, and indirect evidence suggests tliat al least 
two and perhaps three more exist. 

.\ large negative Bouguer gr.u iu anomaly underlies the 
arta coiiiaining most of ihecalderas (iig. I ), and is believed 
to reflect a major underlying batholith (Plouff and 
Pakivr. 1972; Sharp i^radieni'. at die margins of the 
anomaly indicate that ilu- cupoi the batholith is relatively 
shallow. The change from eruption of intermediale- 
(omposiiion rocks by widely scattered early strato- 
volcancxs to eruption of the mcjre silicic ash flows 
probably icxik place as this li.itholuh rose and 
dif lercnuatcd beneath the cx-ntral part of the field. When 
the roots of the more differentiated and gas-charged 
cupolas ol the batholith failed, great volumes of ash were 
i iupied rapidly, and unsupported segments collapsed to 
form the ralderas. The sequential development of the 

calderas is Ix lii \ < il lo n flei l llu pioL^i ('ssi \ e eiii|)l.ii enient 
ol the difleteiit high-level plutons of a composite 
badiolith. 

Ihe caldeias in ilu S,m Juan volcanic field became 
coniptehensible to us only after die complex suaiigraphy 
of the related ash-flow units and associated rocks was 

drirrnnnetl bv rei;ioii,d niappint; ol tfie Diiran^o 
cjiiadi angle (Steven, l.ipman. Hail, and oiheis, 1971} and 
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a«liaioent puu of the Montnxe Vn^ quadnuigte. Thit 
Rgional work has led lo major nvisiain in stradgraphic 

nomenclature- esiablished bv rarlicr studit-s of kxal art-as 
(Steven, Ijpman, and Obon, 1974; Lipiaan and othm, 
197S). The volcanic anatigraphy of the aih-flow units as 
undentood in 1975 isKiviti in lat li 1 I d: a morre omplrtc 
sununary oi the total volcanic suaugraphy, the reader 
should consult the above le l iewncie s and pordctilarly the 
aqplanation of the Duiangp qnadnmgle mafk 

EARLY EASTEKNCALDEKAS 

The oldest caldeias in the eastern ]>art of the San Juan 
field— the Bomania caldera and the nested Plaioro and 
SummitvUle calderas-^ne widely separaied and the 

related ash-flow sheets do not overlap. Thus, the rclaiivr 
ages of eruption and caldeia development at the two 
centers ate uncertain (table 1 ). All these cydcs are younger 
than the dated rocks in the early intermediate-composition 
volcanoes (34.7-31.1 m.y.) and are older than the Fish 
Ouiyon Tuff (27.8 m.y.). The only age febtions among 
thfs<- ifH k". that can Ik' loltt directly by superposition are 
those between the several members of the Treasure 
Mountain Tuff that are derived from the Platoro and 
SnTTiTiii\ illc caldtras K-.\r agps of the Treasure Moun- 
VAin I ull it'ltiU'd (u (he Flatoro and $ummii\'illecaldcra!> 
appear older than thoseohiatned from tuffs related lo any 
of the calderas in the western San Juan Mountains, but 
present data do not permit interpretation of age relations 
between the Bonama caldera and any of the other older 
calderas. 

Both the Bonanza cakfeni and the Platoro and Stmimit- 
ville calderas faxrmed within clusters of earlier andesitit 
siratovolcanoes, and they are on or just outside of the 
margin of the shallow hatholith that gravity data suggest 
underlies the San Juan volcanic field (fig. 1) (Plouff and 



Pakiser, 1972). The Bonanza caldera is located near the 
northeast end of a nanvw gravity low that extends east- 
northeast from ifiemain anomaly; this caldera probably is 
localized above a saieUitie pluion. The Platoro and 
Summitville calderas m outnde die shaip giadient akms 
the southeast side of the main ffravity low, and thus arc 
probably not above the near-surface pan of the mam 
batholkh. Qniie poasiMy these early calderas developed 
above local high-!f-\f 1 m igma chambers thif f(>mir-«l in ihr 
roots oi earlier volcanoes before the main baiholiih had 
risen (o its piesent near-surbee position. 

PLATQBD AND SinanrVILLE CALDERAS 

The Platoro and Summitville caldeias in the soudi* 

eastern pan of the . .l init field (fig. 1) constitute a 
composite collapse structure about 20 km in diameter that 
fomied as aresuliof recuiringcniptionsof ash flows of the 

Treasure Mountain Tuff (Lipman and Steven, 1970; 
Lipman. 1975a. b). The Platoro caldera and the nested 
younger Sinnmitville calden (fig. 2) Conned within a 
fluster of six or seven intermediate-composition strato- 
vokanoes oi the Ckxiejos Formation. These central 
vokarwes had been extensively eroded and the inter- 
vrning basins filled with the rf"<uUant detritus, prtxlucing 
a widt-spicacl low-rehef surlatc. Ash-flow acuviiy began 
30-29 m.y. ago when at least SOO km* oi phenocryst-lkh 
quartz-laiiticash that now constitutes the La Jara Canyon 
Member of the Treasure Mountain Tuff was erupted from 
sources in the Summitville- 1' I a tor u region and spread 30- 
40 km in all ditections (fig. 3). Caldera tnllapse btfum 
before these eruptions were complete, and the late ash 
flows forming the Jara Canyon Memlxr ponded within 
the collapsing caldera to a thickness of more than 800 m. 
Similar concnncnt eniptioA and CQltapse cfaaractaiMd 
other large caldeias in the San |uan MotjintainStwhen the 
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Ui< Ridg< 1 ull .... >!!<» 

Ti<.i%utf Mouiiiain I iilt 

Ra J.til<rn M. ihIk I ,...,.,...,.,„„.„„. lOO-MO 

Ojilo (.rn k M(tni»rt 40-70 

La Jara t^nyon Ntrmbci >S00 

BuiujkMluii 



Quaru bdie.,.....'.....''....M.„.»...~.........M.... MLV?) 

/rmtf{ rhvoliie w iinara Isiilr. ...„..~..h..... > 20^4 < 86.7 

(1.. „ ...„...„.....M.... >86.4<iBS.7 

Rhvoliir >JS.<<26.7 

...do >26.'t<Z6.7 

Zon«l thyolnc ii> ({uarii lauic 26.7 

Rhyolilr. kicalty loncii W quwa buiie. .... >26.7 < 27.8 

Rhvoliir >26.7 <27.8 

Uuaru latiie....... — ..................... 27.8 

. do 28.2 

Rliyoliir >27.8<28.'» 

....do . — >tlA<9A 

.„4fc> »27A «4 



...do 

..,-do 

....do 

....«lo 



>29.l <29.8 
>2».l <29.8 

>f7.B 
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roofs of the maRma chambm lost support before 

eruptions were completed. 

The thick La Jara Canyon tuffs within the Platoro 
caldera are topographically and structurally high as a 
result of resurgent uplift shortly after collapse. Early 
resurgence is demonstrated by the presence in the core of 
the caldera of monoliihologic talus breccias that were 
derived from the La Jara Canyon Member and that inter- 
tongue with lavas that filled the structural moat adjacent 



to the resurgent block. The resurgent core forms a nearly 
unbroken block that dips homoclinally to the southwest, 
in contrast with the fractured domical uplifts that 
characterize many other known resurgent calderas. 

After resurgence was virtually complete, the marginal 
moat of the Platoro caldera was filled by as much as I km 
of dark andesitic lavas and interbedded volcaniclastic 
sedimentary rocks of tlic lower member of the Summit- 
ville Andesite. These andesitic lavas, in essence, represent 
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a toniiiuiaiion oi the samr type of volcanic activity that 
chaiat icii/itl ilu- tlcvelopinent of (he OjuejoN Ktirinaiion, 
with which ilu'v ar<.- readily confused in the field. 

A younger colla()se structure, the .Sumniiixille taldera, 
occupies ilie nortliem part of the Plaloro caldera (fig. 2). 
lliis caldera apparently formed when ash-flows 
ccjnsiiluting the upper sheets of the Treasure Mountain 
I uii, including the Ojito Creek and Ra Jadero Members, 
were erupied aliei ihe Plaioio caldera mcjat was nearly 
filled by lavas ot the lower member of the Summitville 
Andesiie. The Ojiio Cirirk aiul Ra Jadero tuffs (fig. -i) ate 
nearly coextensive with those in the Jara Canyon 
Mt-iiilx't and then consiiluent ash must have Ix-en erupied 
fiom the same general area. .\lih(iugh the v(»luines of these 
up|x r two members are muc h less than that of the La Jara 
C^myon Meinlxr ((able I), they are laigeeiujiigh tosuggesi 
asscMiated caldera collapse (.Smith, I9(i0, fig. 3). In 
addition, the .Summits ille caldera is indicated by (1) a 
large-displacement (800'*^ m) an uaic fault maiking die 
main ring-frac luie fault on ihe southeast side of the 
caldeia (fig. 2), (2) fragmentary ex|Misures of the topo- 
graphic wall. es|K i iall\ on the ncjrtheast side, and (3) the 
concentiaiion of the ptoduc ts of late igneous ac tiviiy and 
mineralization around the margins ol the c-aldera. 1 he 
caldera probably was not rc-surgent. fjut was filled by thic k 
lavas ol the up|x-i meinbei of the Sumimiville Andesiie. 
and many key geologic relations are largely buried. In 
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KlciRK I. — DivIiiIhiiiom i>I Ojii» Ciri'k .iml R» Jackiu Mrmbrn 
«di.i|$<Hidl liiit-«i 111 I irasuir .Miiutiiaiii l ull in irbiion to Suininii- 
villc cal'lria (S> and .Van Juan vulcanic lirld (iliadcd). 

addition, extensive late intrusion and hydrotltermal 
alteration further obscured relations. 

Porphyritic rhycxiatiiic to rhyolitic lavas and 
genetically related dikes and granitic sicKks were emplaced 
repeatedly around the margins of the Platoroand Summit- 
ville caldeias during the interval between 29 and 20 m.y. 
ago. with datcxl events at 29.1, > 26.7 < 27. 8, 25.8. 22.8. and 
20.2 m.v.; these shallow intrusions and asscxiaied rocks 
lcxall> were hydrothermally altered and mineralized. 

BONANZA CALDERA 

A caldera in the vicinity of the old mining c^tmp ol 
Bonanza in the northeast part of the San Juan volcanic 
field has Ix-en postulated by Karig ( I9()5). .Mayhew ( I9<i9). 
Bruns (1971), Knepper and Marrs (1971. p. 261). and 
others. 

Ilie oldest rocks in the Bonanza area are andesitic to 
laiiiic flows and breccias of the Rawley Andesite and 
Ilavclen Peak Latite (Burbank. 1932; .Mayhew, 1969) that 
form an inierfingt*ring assemblage. We interpret these 
t(xks to Ix' the near-souice faries of one or more Icxal 
volcancx's equivalent in age to the Conejos Formation 
near tfie Plaioro area. These rocks are overlain by the 
Bonanza I utf, a densely welded quartz-laiitic ash-flow 
luff dial once lormed a widespread sheet over much of the 
northeastern (lart of the San Juan volcanic field. Near 
BonaiiM, remnants of this sheet must have been deeply 
laulic-d into the older aiideMtic pile, probably as a result ol 
caldera subsidence, lounger andesitic flows and breccias 
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rover al least some of the Bonanza Tuff thai occurs within 
the subsided block (Knepper and Mam. 1971. pi. 1). 

Few geneialiutions can be made about the Bonatu.i 
Gtkkra fiom available published dau. However, we 
considn- it ngnifiodiK diat. as in the Platoto caldera 
ctKtipl* X. subsidence took place within an aiea of oMt r 
intennediate-conipafiiiton volcanoes and that post- 
tubudence lavai are ptcdommanily andcsidc in 
omipMitkin. 

WtSnSN SAN JUAN CALDEKA COMPLEX 

Six talderas in the western San Juan Mountains are 
located above the nam western lobe of the gravity low that 
has been interpreted to lepiesent a shallow batholith. The 

lir*i five of ihrsr laliit ias, ilic I'd C'nt k. I om I-ike, San 
Jiion. Uncompahgn:, and Stlvetion. fornu-d within the 
brief span of about 2 m.y., and the five rebted ash-flow 

d(p<jMis su|xrfi( iailv resemble each othtr tnouKh to h.'ive 
once been included within a single lurmaiion (the now- 
abandoned Gil|Hn Peak Tuff of Ltwdke and Butfaank. 

1 

Of thevc five caldera^. only the Utc Creek caldera is not 
clearly within the giavity low, but instead is located at the 

sharp gradient atoiiR the south side of the gravity low f fip 
i ). This structure may have foriDcd above a local niagnia 
chamber thai either was too deep or, after ash-flow 
eruptions, did not retain enough relatively liKht silicic 
differeiuiaif al us lop lu be deiemtl by gravity measure- 
ments. The other (our early calderas are well within the 
area of the gravity low. and, of these, three are closely 
clustered and have overlapping cycles of development. 
TheK cycles are believed to represent high-level 
magmaiisin and vokanic eruption related to the main 
upward tnovement of tnagma in this western part of tl>e 
batholith. 

The last subsidence structure, the Lake City caldera, 
formed about 5 m.y. after the earlier calderas subsided, and 

the associated ash flow lull <ontrasts markedly in 
composition and appearance with the earlier ash-flow 
(uffs. During the 5-m.y. interval, the main batholith is 

believed to hrnc (ongenletl suffirirnth' itn a p<ito- 
logically distinct batch of magma to pc-neiiait to shallow 
depths and still retain its compositional identity. 

IJTE CREEK CALDERA 
The southern margin of ihetaldi la thai toiiiieil liuring 
eruption of the I ^le Ridge I ull is exposed lor about 3 km 
along the canyon of L'te Crtrk (figs. ,t and 6). tisewhcre. 
the eastern and northern topographic wall of the caldera 
can be located closely at only two places, one near the 
mouth ol Uie Creek and the other along the south side of 
lV>le Creek Mountain, near the eastern end of the 
mountiiin The <li .u ndioppetl block within ihtx limiis 
may have subsided as a irapdooc that has no riiig-frat ture 
mom along its «vest side. 



AJcmg Ute Creek, intracaldera Ute Ridge Tuff, moie 
than 900 m thick, is juxtaposc-d against Piecambrian 
UK lasu nite and quart/ite and an older unnamed crystal- 
poor ash-flow tuff of Tertiary age, whereas an outflow 
layer of the Ute Hjdfse Tiif f is only about 1 90 m dtick and 
exundsoutoveran irtegulai sui fat etui on the older ro ks. 
The probable, caldera- boundary fault between the thick 
section of Ute Ridge Tuff aiid the adjacent torks is 
ocnipied by a quart; monzonite intru.<;i\e ffig. .;n -rhrr 
similar inuusive cuts the thick section of Ute Ridge Tuff 
north of lower Ute Creek. 

In the vi( iniiv of L'te Creek, a younger ash-flow sheet, 
the Blue Mesa l ull, unconformably overlies the Ute Ridge 
Tuff, quart/ mon/oniie intrusivrs, and Precambrian 
rocks. A chilled vitrophyre at the base of the Blue Mesa is 
in contact with all these older rocks, and north of Ute 
Creek a thin lens of andesiie occurs locally along the 
uiuxmformity. Development of ttie structural discordance 
between the thick section of Ute Ridge Tuff and the 
juxtaposed older rocks thus closeiy a((oriIs id linie with 
erupuon of the Utc Ridge TuU, and seems most easily 
accounted for by caldera subsidence related to that 
I ruption. .Subsidence toii< mi' ui with eruption is 
indicated by the thick section of Ute Ridge Tuff within the 
downdrappcd block, in contrast with the relatively thin 
outflow sheet .-\ItIiouj;!i we saw no evidence for post- 
subsidence resurgence, (wo quaru monzonite intrusive 
boilies aloi^ and near the southern margin apparently 
were emplatt-d late in the Ute Ci»^ ^ < tltlera rvde 

The topographic caldera wall along die cast side of the 
downdropjied block is closely controlled near the mouth 
of Ute Crcrk. where the top of a buried hill of older 
andesitic voli<inic breccias (San Juan Formation) is 
exposed a feu- hundred metres east ol the thick section of 
Uie Ridge l uff that lies within the caldera. Several kik»- 
metres itonhwesi, across the Rio Grande, aikodier buried 
hill of ande^iiic breti ias of the San Juan Fomiaiion is 
ex[x>sed along the south side of PoleCreek Mountain. The 
Uic Ridge and Blue Mesa Tuffs wetlge out against this 
hill. whi(h may represent a remnant of the northeast 

i.ddeia w.ill. 

1 huk I It Kidgc 1 ulf IS excellently exposed along the 
Rio Crande inside the west -lacing semicircular arc 
described by (he intrusive-filled fault akmg UieCreekand 
(he (WO buried hills of andesite breccia. The rude layers 
represeniing the many successive ash flows in the Ute 
Ridge 1 ulf dip about east as part of a much lateir 
regional tilting that affected the whole western San juan 
area, but otiuiwise are undefomied wesiwaul from ili 
arcxiate wall tor 12-15 km. The tops of at least two bui led 
hills of Precambrian crystalline rocks extending well up 
into the \ 'h Rid^e T'nfl .lie e\r>osedalongtheRioGiande 
km west of the arcuate wall. 
These incompletely exposed relations suggest that the 
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source of the I'te Ridge Tuff was in a hilly area tul on 
older Precambrian rotks and Teriiary andt-sitic rocks, and 
ihat ihc pyrocla&tic eruptions caused com urreni 
subsidence of a trapdoor bloc k that was faulted along the 
south, east, and north but prolwblv only downwarpcd on 
the west. The fragmentary structural and tojxjgraphic 
wall exjxjsed in places along Ute Creek and Pole Creek 
Mountain reflects the abrtipi f)oundatit"s of subsidence in 
these directions, whereas the downwarpcdi?) western 
margin is obsc ured by the relatively flat lying upper part ol 
the I te Ridge I uff expiisj-d along the Rio Grande. 

LOST LAKE CALOERA (Bl'RIED) 

A distinctive atcuaie drainage jwiiern along the upper 
Rio Grande (fig. Ti) reflects a buried caldera related to 



eruption of the ash compxjsing the Blue Mesa Tuff. All 
r(xks in this area dip regionally alx>in 5° east and 
northeast: eastward across the arcuate drainage pattern, 
however, thedips increase to 1Q°-I,')°and then flatten again 
Ki form an auuaie monocline. Fracturing related to tfiis 
monocline prov ided a /one of weakness later etc hed out by 
stream erosion. The moncxiine involves the Dillon Mesa 
and .Sapinero Mesa Tuffs and younger units in this area, 
and reflects minor late subsidence around the western 
peripherv' of an older buried caldera. 

'I'he wesiern margin of the largely buried Lost Lake 
c aldera c loselv follows the ax uale niontx Ime. The wall of 
tire caldera is closely controlled near the mouth of I'tc 
Cjcrk, where a hill of older andesiiic mudflow breccia 
protrudes up into the ash-flow section and represents a 
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Ficutc 6. — Dittribuuon o4 I'lr RkIkt Tull (diiii^al lin«) in rrlali<Mi 
lo L'te Cirrk rakk-ra (U) and San Juan vukanii lirld (shadrd). 

wtdge-shaped septum betwwn ihc Uic Creek and Lost 
Lake calderas (fig. 5). Kariher north, the rK>rih western wall 
oi the Lust Lakccaldcra follows Lost Trail Clreek for about 
5 km; this segment of the taldeta is marked, on the west 
side of the creek, by early, intermediate-composition 
andesitic rocks in the wall of the caldera and, on the east 
side, by caldera-filling rocks. Noconsiraints are known on 
the east side of the c~dldera, however, and the projected 
margin (fig. 5) is drawn simply to close out the eastern side 
of a circular area that conforms to the arcuate monocline 
and drainage pattern to the west. The Lost Lake caldera, 
like several others in the San Juan volcanic field, possibly 
may have sub.sided as a tra|xl(K)r bloc k with an incomplete 
ring-fraclure zone and hinged eastern margin. 

The oldest rocks expost-d within the L<»st l^kes caldera 
aie the nearly ideniii<il Dillon Mesa and Sapinero Mesa 
Tuffs. ITiese ro< ks form the lower parts of prominent cliffs 
along the Rio Grande, and are best ex|X)sed along the 
north side of ifie river opposite the mouth of Vie Creek. At 
this locality, the lowei < lifts tonsisi of Dillon Mesa Tuff; 
the upper 150 m of this unit is well exposed but, as the base 
is everywhere below the level of the ri vei , its total thickness 
is not known — although it probably greatly exccrds theO- 
100 m of Dillon Mesa Tuff ex|x»sed on Pole Creek 
Mountain west of the caldera. ITie overlying Sapinero 
Mesa Tuff, which forms the up{x-i cliffs, is about 1.10 m 
(hick, about the same as it is on Pole Creek Mountain. 
Evidently the Dillcm Mesa |x>nded within and (Mssively 
filled the caldera, and the suctmhng Siipinero Mesa Tuff 
was deposited across it without appreciable thickening. 



llie Lost Lake caldera cuts off the L'te Ridge Tuff (fig. 
5), and in turn was largely filled by the Dillon Mesa Tuff. 
These stratigraphic relations limit the time of caldera 
subsidence to the period during which the ash of the Blue 
Mesa Tuff was erupted. Of all the major ash-flow sheets in 
the upper Rio Grande area, only the Blue Mesa Tuff lacks 
an exposed source. The Blue Mesa is a widespread sheet 
(fig. 7) that pinches out against Precambrian rocks in the 
Needle Mountains on the south, extends westward to the 
eroded edge of the volcanic rocks near Telluride, aiKl 
wedges out to the north against older volcanic rocks north 
of the Gunnison River, more than 80 km north of the 
upper Rio Grande area. To the east, the Blue Mesa Tuff is 
covered by younger rocks and its distribution is unkxK>wn 
(Steven, Lipman, Hail, and others, 1974). The Blue Mesa 
l uff and older rocks are sufficiently well ex[x>sed north 
and west of the upper Rio Grande area that a caldera 
source can be eliminated in most of these areas. The source 
therefore most likely lies within the covered part of the 
sheet — and thus in the Lost Lake caldera. 
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fibi Rt 7. — Oisiribulion ol Blur Mna l ulf (diaisonal linn) in rrlaiion 
lo I xist Lake laklrni i Lj and San Juan vol<ani( lirld (ihadrd). 



The Blue Mesa Tuff is a uniform-textured, moderately 
phenocryst poor, densely welded ash-flow tuff over most of 
its ex|x>.sed extent. In the upper Rio Grande area, however, 
the phenocrysts are larger and more abundant than else- 
where, and ihe unit is weakly coMi|x>sitionaily zoned, 
bc-coming more mafic upward. A rhyodacitic lava flow 
also occurs lot^illy between the Blue Mesa and the over- 
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lying Dillon Mesa Tuff on the north side of Pole Creek 
Mountain and just west of the arcuate motKKline; this is 
the only known locality of la\'a-flow activity at this 
horizon. 'Iliese areally restricted variations suggest a 
nearby source for the Blue Mesa Tuff. 

No evidence was seen for resurgent doming of the Lost 
Lake caldera after subsidence. However, only the upper 
p>arts of the caldera fill can be seen, and the oldest rocks 
expfjsed are alotig the margins of the caldera, where the 
effects of resurgence would have been minimal. Thus, a 
low dome could exist a depth and not be reflected by the 
younger rocks that co^-er the caldera area. 

SAN JUAN. UNCOMPAHGRE. AND SILVERTON CALDERAS 

The geologic history of the caldera complex in the 
western San Juan Mounuins has recently been reinter- 
preted by I.ipman, Steven, Luedkc, and Burbank ( 1973), 
and the discission here is taken largely from them. The 
western San Juan Mountains were the site of a cJuster of 
intermediate-composition central-vent volcanoes in early 
Oligocenc time, 35-30 m.y. ago. The near-source facics of 
these volcanoes consists of complex accumulations of 
lavas, breccias, and pyroclasticdebris, which pass laterally 
into coalescing volcaniclastic aprons consisting pre- 
dominantly of mudflow breccias and, at the margins, of 
conglomeratic and other stream-worked debris. The 
clustered volcanoes formed part of the great field of early 
intermediate-comp>osition volcanic rocks that covered 
much of the soudiem Rocky Mountains in early 
Oligocene time (Lipman and others, 1970; Steven and 
Epis, 1968; Steven, 1975). 

Ash-flow sheets from nearby sources at the Ute Creek 
and Lost Lake calderas covered the lower flanks and 
coalescing outflow aprons of these volcanoes, and wedged 
out against highlands built up around the cenual vents. 

UNCOMPAHGRE AND SAN JUAN C/Jl.l^PSES 
The volcanic cycles that led to the development of the 
San Juan, Uncompahgrc, and Silverton calderas probably 
began when the relatively small volume of material 
constituting the Dillon Mesa Tuff (ubie 1; fig. 8) was 
erupted shortly before 28 m.y. ago. No direct evidence can 
be marshalled to tie this eruption with any specific 
increment of subsidence, but the unit seems to be radially 
distributed around the area of the Uncompahgre caldera, 
and is thickest and most densely welded near the margins 
of this possible source area. Renewed eruptions A similar 
rhyolitic ash-flow tuff material about 28 m.y. ago led to 
widespread emplacement of the Sapinero Mc*sa Tuff, and 
to simultaneous collapse of the Uncompahgre and San 
Juan calderas (fig. 9). 

The Sapinero Mesa Tuff spread widely (fig 10) from its 
.sourcie area at these i^lderas, and had an estimated volume 
in excess of 1 ,000 km'. It has been traced northeastward for 
more than 90 km, northw<ird 65-70 km, and south- 
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Kir.i'Rr. 8. — Disiribuiion of Dillon M«a Tuff (diagonal linn) in irla- 
mm lo llmompahgrc caldera (U> and San Juan vt>lcan>c field 
(thadrd). 

eastward 40-45 km. Apparently it wedged out southward 
against the older highland of Precambrian rocks in the 
Needle Mounuins. The western flank of the volcanic pile 
has been removed by erosion, and the original extent of the 
Sapinero Mesa Tuff in this direction is not known. 
Outflow .Sapinero Mesa Tuff is generally less than 100 m 
thick, whereas the intr^caidera Eureka Member is at least 
700 m thick in places and the base is only locally exposed. 
This disparity in thickness between outflow and inira- 
caldera facies is common among the San Juan calderas, 
and is interpreted to indicate subsidence concurrent with 
eruption: the intracaldera accumulation is generally 
somewhat younger than most of the outflow sheet. 

Approximate contemporaneity of subsidence of the 
Uncompahgre caldera and eruption of the Sapinero Mesa 
Tuff can be demonstrated convincingly on the basis of 
geologic evidence (Lipman and others, 1973), and similar 
general relations of intracaldera and outflow 
accumulations of Sapinero Mesa Tuff for the San Juan 
caldera imply a similar timing. Subsidence of the two 
calderas was accompanied by widespread landsliding and 
avalanching of tlie steep caldera walls, and abundant 
debris from these sources is interleaved marginally with 
the intracaldera ash-flow accumulations (Eureka 
Member) in both CTilderas. By this process the topographic 
walls of the two calderas actually merged locally to form a 
single depression with a distorted dumbbell shape: the two 
main subsided blocks were joined across a low di\ide when 
the septum between them largely caved away (fig. 9). 

The simultaneous development of adjacent but separate 
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caklens was followed by meiged later suges of the local 
caldeia qrarles. The cafckras were resurgently domed 
logcilKr over an rxiendcd period of tiiiic, while ihr 
depimions were being filled with lava& azid sediments 
from local soufces and with ash-flow tuHs fioRi con- 
curienily developing calder.is lo tfic cast, Renewed ash- 
flow eruptions forming the Cr>'Sial Lake Tuff during this 
period of tesaxgena and caldna filling led to subsidence 
of a lofal trapdoor block, the Silvrrton caldera, nested 
within ilic older San Juan cTildera. I hese generally con- 
current devdopments will be discussed leparanely in the 
following paragraphs, although the events are dosely 
relatcd and are manifestations of the same basic volcanic 
processes. 



POSTCOLLAPS£ LAVAS AND SEXUMCNTS 

The first postsubsitknoe eruptions within the San Juan 

and Uncompahgre caldrias were mostly of viscous, 
coarsely porphyhtic lavas of predominantly rhyodacilic 
and quanz-latitic compadtion. These iieaped up in the 
virinity of iheir vents to form prominent Icxal domei> and 
thick tlows, surrounded by lower areas where pyroclaslic 
and reworked debris aocumulaied as betlded tuffs and 
volcaiiiclasiic sediments. Si:>mr of these lower areas 
apparently were the site* ul kx .ii jnnuh in which finely 
stnttfied deposits fonned. This assemblage of thick 
porphyritic Hows and associated bedded deposits is best 
displayed within the San Juan caldera. where it has been 
called the Buvm Fomialian. It can be lecogniied as a 
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distinctive assrniblagr across the low divide into the 
northwest pan of the Uneompahgre caldera; eastward, 
sedimentary rocks predominate and there are only minor 
porphyritic lavas. 

The lavas filling the depression changed in 
composition upward to dark fine-grained andcsile flows. 
These lavas were appreciably more fluid than the viscous 
porphyries of the Burns Formation, and the resulting 
flows are thinner and more widespread. .Sedimentation in 
low areas continued, and the resultitig bwldeil rotks aie 
indistinguishable from many of those in the underlying 
Bums Formation. Local volcanic activity diminislitxi later 
in the pericxl of iniilling, and volcaniclasiic sedimentary 
rcxks compose the upjier layers of fill. The sequence of 
predominant andesitic flows grading upward into pre- 
dominant sedimentary beds is best displayed in north- 
eastern parts of the .S;m Juan raldera. where the flows were 
originally called the pyroxene andesiie unit and the over- 
lying bedded rcx^ks the Henson Tuff (Ct«iss and others, 
1905, 1907). Later, Luedke and Burbank ( I9(i3) combined 
both of these units into a redefined Henson Formation. 
Across the north side of the I'ncompahgre caldera, the 
proportion of andesite flows to sedimentary rcxrks 
decreases eastward, and in the norihe-asi part of the 
I'ncomjwhgre caldera, the whole section generally 
equivalent to the Burns and Henson Formations consists 
largely of similar-appearing sedimentary rtxks. 

Rocks equivalent to the caldera-filling Bums and 
Henson Formations are found outside the calderas only on 



the southeast side, where andesitic flows and breccias 
overlie the Sapinero Mesa Tuff and underlie younger ash- 
flow units derived from sources to the east. 

INTRACALDERA ASH-H.OW TUFFS 
The Burns and Henson rcxks forming the bulk of the fill 
in the .San Juan and Lncompahgre calderas are overlain 
by a sequence of ash-flow tuffs, mostly from caldera 
sources m the central San Juan Mountains, interlayered 
with Icxally derived sedimenury and volcanic rcxks. The 
basal unit of this upper sequence is the Fish Canyon Tuff, 
derived from the La Garita caldera source area about 27.8 
m.y. ago. Overlying ash-flow units consist in sequence of 
the Crystal Lake Tuff (derived from tlic Silverton caldera), 
the Carpenter Ridge l uff (from the Bachelor caldera), 
Wason Park Tuff (caldera source not identified), and 
Nelson Mountain Tuff (from the San Luis caldera). 
Lcx3lly derived sediments clo&ely similar to those in the 
Henson and Bums Formations separate all these ash-flow 
units at one placr or another, and Itxally derived lavas of 
genei^illy intermediate competition intervene between the 
Crystal Lake and Carpenter Ridge Tuffs, the Carpenter 
Ridge and Nelson Mountain Tuffs, and overlie the Nelson 
Mountain Tuff wiiliin and adjacent to the Uncompahgre 
caldera. 

SILVERTON COLLAPSE 

Eruption of the Crystal Lake Tuff (fig. 1 1 ) during the 
pericxl of caldera filling resulted in trapdcx>r sub.sidenceof 
the Silverton caldera within the older San Juan caldera 
(fig. 12). Ablcxk 15 km across, consisting in its upper parts 
of thick scrctions of Bums and Henson lavas and 
sediments, was displaced more than 600 m downward 
along its southern margin, whereas a sharp monocline cut 
by a deeply infaulted graben marks its northeastern 
margin. Even in the present deeply dissected topography, 
the core of the trapdcx>r bicxk stands nearly as high as the 
ash-flow deposits in the adjacent terrain, suggesting that 
no great thickness of Oysial Lake Tuff could ever have 
existed there. This suggestion accords with relations noted 
at other lesser calderas in the San Juan volcanic field 
related to small- to moderate -volume ash flow eruptions, 
where subsidence usually followed eruption and in plac« 
did not form txjmplete ring-fracture zones. 

RE.SIIRGEN r DOMING 

Resurgence of the San Juan, Uncompahgre, and 
Silverton calderas differed in several important aspects 
from resurgence at many of the other calderas in the San 
Juan volcanic field. Although it apparently began shortly 
after subsidence, uplift of the volcanic soiuce areas 
probably continued for more than a million years through 
the period of infilling by locally derived lavas and 
sediments and by ash-flow tuffs from extraneous sources. 
.'\s uplift continued rhyolitic magma regenerated beneath 
the .San Juan caldera and erupted caiastrophically as the 
ash-flows of the Crysul Lake Tuff, with related sub- 
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sidcncr of the Silvrrton caldera. Structures that formed 
during this later subsidence appear to merge with some of 
the structures formed by uplift and seem to have developed 
concurrently. 

Early resurgence is indicated by local angular uncon- 
formities between slightly tilted and erixied welded tuffs in 
the iniracaldera Eureka Member of the Sapinero Mesa 
Tuff and overlying intermediaie-rom|>osiiion lavas in the 
Burns Formation, as first noted by Luedke and Burbank 
(1968, p. 183). The extent of this early resurgence cannot be 
determined from the sparse evidence now available. I.aier 
magmalic uplift is indicated by the broad doming of the 
whole area of the San Juan and Uncompahgrc calderas 
that affected the younger caldera fill as well. This broad 
uplift apparently was episcxlic, inasmuch as the ash-flow 
unit5 overlying the Burns arKl Henson Formations appear 
to have been confined to a moat area around at least the 
eastern and northern margins of the uplifted core of older 
rocks, and yet in turn were tilted by further uplift of the 
core. 

Longitudinal distention fractures along therresi of the 
broad domal uplift formed the deeply infaulied Eureka 
graben, which extencb northeastward from the San Juan 
caldera into the untollap>sed septum between the San Juan 
and Uncompahgre calderas. where it is cut off abruptly by 
the much younger Ijke C^ity caldera. This graben offsets 
the caldera-filiing Bums and llenson Formations as much 
as 0.3 km along the major faults, and, in places, gralx-n 
faults cut small temtuinu of the younger Crystal Lake 
Tuff. 



At it's southwest end, the trend of the Eureka graben 
changes sharply, turning from northeast to northwest and 
giving the downfaulted area the distinctive b(x>tlike shape 
shown in figure l2(Burbank, 19.51; Burbank and Luedke, 
19<i9). The intersection of the northeast-trending 
Sunnyside fault and northwest-trending Ross Basin fault 
at the instep of the hoot is intensely mineralized and is the 
site of the highly productivr Sunnyside mine. This area 
has been studied in detail by many geologists and is well 
illustrated on a geologic map by Burbank and Luedke 
1 1969, pi. 2). The fractures and veins f>ass smoothly around 
a sharp right-angle bend, arxl seem to have formed con- 
currently. To the northwest, as shown in the same 
illustTcition, several important veins and faults begin at the 
ftxMwall of the Ross Basin fault as northeast-trending 
fractures generally parallel to the leg of the boot, but after 
several kilometres they swing sharply east and southeast to 
parallel the instep of the hoot. l~his change in direction 
would again seem to require coexistent distentional 
stresses related to both major trends of the Eureka graben. 

Whereas the northeast-trending fractures are along the 
crest of the broad dome of the simultaneously uplifted San 
Juan and Unc^ompahgre calderas, the northwest-trending 
frac tures that define the foot of the boot are within the 
nioncx linal hinge area along the north side of the younger 
Silverton caldera. The northwest- trending fractures thus 
appear to represent distentional fractures related to 
trafxicxir subsidence of this blcxrk. Thus, in orcier for these 
different fault systems to have merged so completely, 
eruption of the Clrystal I^ke Tuff and subsidence of the 
Silverton caldera must have been concurrent with a major 
episcxle of uplift of the older calderas. Later or continued 
uplift of the broad dome is suggested by several minor 
northeast-trending faults that cut the ftxjt of the Eureka 
graben boot (Burbank and Luedke, 1969, pi. 2). 

Except for having been formed during the piTicxl of 
general uplift, the Silverton caldera itself shows no 
evidence of being resurgent ly domed. Development of the 
spectacular radial and other intricate vein and dike 
patterru just outside the northwest and southeast margins 
of the Silverton caldera (Burbank, 1941; V'arncs, 1963)may 
have resulted from this special stress environment. No 
other San Juan caldera has similar intricate patterns of 
fracture-related structures. 

LAKE CITY CALDERA 
After about a 4-m,y. pericxi of greatly reduced volcanic 
activity in the western San Juan Mountains, ash-flow 
eruptions that prcxluced the Sunshine Peak Tuff began 
about 22.5 m.y. ago in the Lake City area (Lipman and 
oiliers, 1973; Mehnert and others, 1973a). Outflow 
Sunshine Peak Tuff must have been deposited widely in 
the region, although only small erosional remnants have 
survived. Concurrently with these eruptions, an elliptical 
blockabout I2by 15 km across, nested within the southern 
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Sliorily after ihc ash-flow eru|^tinn^ (c.isw!, I.i\a flows 
and domes o( viscous &ilicic quaru lauie, (ed largely Itom 
vents ahmg the ring fault, accumulated anjuiid 4he 
margins of ihetaidfra floor. These lavas tend to overlie thr 
Suiishiiu- FcakTuff conformably and dip quite stecpl) in 
places. They probably largely predate resurgent doming, 
although the effects ut doiningon them are difficultiodis- 
linguish reliably from primary dip>s of the flows. An east- 
northeast-trending line of rhyoliie intrusives was 
cmplaced in the moat area ol the older Uncompahgte 
caldeia, north of the Lake City caldeta. These rocks are 

(lust I \ si I till. II III I oinjH )sili< )ii l( t the Sunshine Ff.ik I (iff, 

but apparently were emplaced somewhat more rtxenily, 
with one intninve yieidingaK-Ar ageof alicnit 18in.y. (H. 
H. Mebnen. written coromun.. 1974). 



part of the older I'nfompahgrc ( aldcra, suf)sid(-d !o form 
the Lake City caldera (fig. 13). Ihe last-erupted part of the 
Sunshine Peak accumulated lo a thickness of as much as 1 

km within <!n- (otx urrt-nily .subsiding rnlclcia, and Rrcat 
landslide avalanches caved off the caldera wall, spread 
across the caldera floor, and intertongued with the 
accumulating ash flows. 

The ring fault along which this collapse occurred is 
continuously expojicd (or about 300° of arc around the 
calden; it is nearly everywhere a single fault, lyptcally 

marked by only n it- i • i of ^oui^c and ininnr hydro- 
thermally altered lock. h is exposed over topographic 
rdid of as much as tiOO m, and is everywhere sieep^ 
dipping inward from 75* to nearly vertical. 
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Kkuu 13.— Gennalitcd gcolaK)' oi the wcitmi San Juan caJdrn compiCK •howing di»iributton of rock* tekaicd lo ihc Lake 

Rttutgawe of the Lake City caldera produced a ample 

domecharacieri/'cfi hvoittward dips of 'JO" ?')''on its flanks 
and a nurtheast-uciiiiiug apicai grabcn over its disiciiditl 
CTcsi. The irt-iid of this Ktaben itfltxis reactivation of die 

irtiui> of die earlier Etirt-ka gratxn svsfrm, Avhith \sa^ 
related to lesurgencc of the UnioiiipaliKrc and San Juau 

calderas. MtNt of the mapped lanii^ of itu- l ake City 
resurgem structure have reLtuvely MiiaJl dis* 
placcmenu— 10-50 m— and some weem to be tittle more 
than cracks itrai Icxalued weak tiydroihetmal alteration. 
Chaotic caldera-collapse breccias are widely <rxpo«ed 
below the intiataldeia tuffs on the southwest side of the 

l^ikc f a l\ ( altli ta , ami ihc I t-siil i;( III f aj)|M ai N lo li.ive been 
somewhat asymmclrical, with inaxiniuni uplift iii this 
area. Resuisence lewlied from upward movement of 



magma which cryaiallized as a shallow stock of granite 

(xjrphyry. 

Gently dipping upper coiiiaci:> ol die granite porphyry 
an- exposed at the bottoms of several deeperosiotial valleys 
within the core of the Lake City caldera, and the most 
inten!>eiy altered rock within the resurgent dome txcurs 
around margins of the granite porphyry. Parts of the 
norihem ring fault are occupied by a short, thick, 
disconiiniKMis ring dike, which broadens and becomes 
coarser graiiKti downward. The top of the granite 
porphyry is within 1 km of the top of the Suiuhine Peak 
Tuff indicating crystallization at very shallow depths 

fn iKalh ihc it->.ut_i;cnl tloiiic. 

Mu^i of ihc original topographic wait of the Lake City 
caldera has been eroded, and only a few amatl remnanis are 



Digitized by Google 



16 



CAUJtRAS OF THE SAN JUAN VOLCANIC FlLUi. SOUTHWESTERN COLORADO 



piCMfved southwest of Lake City. The present valleys of 
Hedion CnA and the upper Lake Fork of the GuniUKMl 

River, which define a striking i llipntal cir.iinage pattern 
jiut outside the ttiuctural boundary of the Lake Ciiy 
caldera, arc not direetly controlled by any major fauh 
structures. Thc\ more likt iv developed in debris thai 
accumulated in a low topograptiic moat along the noargui 
of the ivsiuscnt doine of the Lake Gtycakkra outside die 
hmits of the subsided M i » k and were subsequently siqiet- 
jmposed onio oldei rot ol iht- < ;il<iem wall. 

CENTRAL SAN JUAN CALDLKA COMPLEX 

The central San Juan caldera complex developed above 

the e.isiein \>Ati of ihe gravity ;inonial\ i (114 I 1 Ik-iw t-t n 28.2 
and 26.5 m.y. ago. Within this brief span of less than 2 
m.y.. eight major ash-flow sheets were eiupied, at least 
sexcn (alderas formetl. and minieroiis local volcanic rock 
units accumulated, lliese caldera cycles thus had an 
avetage duration of only about a cjuaricT of a million 
years, and in at least one case, the qndes of two nearby 
caldeiai overlapped in time. 

We believe that these intense pynxlastic eruptions and 
resiiltinR ralderu subsidences marked the culniinaiion of 
upward movement of magma to lonn the caiicin pan of 
the underlying batholilh. As iheroot abuve this segment of 
the batholith became progressively thinner, it was 
breached by numerous ash-tlow eniptums of great 
magnitude, and related calderas subsided at the ash-flow 
soufce areas. The development of the nmnennis clustered 
and portly overlapping calderas that followed one anodier 
in rapid suctev>inn, and ihe common marked contrasts 
between Uthologies— ranging from phenocryst-rich 
quartz latites to phenocryst-poor rhyolites-^f successive 
ash-flo\'> dt [x>si(>, ie(juiie<i lajiid < onxi iiling of [he upper 
paru of the local cupulas and equally rapid reesiabiish- 
meni of new cupolas and magmatic differentiation within 
them The f^"" l.i*''if emptions .md raldem <iubsidences 
apparently ceased when the upper part of the batholith 
congealed 10 a thidttiess sufficient to contain the 
magmatic pressures. 

MOI NT IIOPF r*t 

The Mount Hope caldera (fig. 14) is almost completely 
binied by younger rocks, primarily the Fish Canyon Tuff, 
but fnigmrntnn evident^ suggests thai it u as rhe snurceof 
two phenucTysi-hch quartz latite ash-flow sheets of the 
Masonic Park Tuff. The lower sheet has been recogniied 

only within lO l ') km of the rnldera, but the upper sheei 
(fig. 15) extends 30 km west ol liiecaldera, to dicm^irgui ol 
the San Luis Valley 50 km east, and mto New Mexico 7'i 
km southeast (Steven. Lipman. Hail, and others, 1974). 

The topographic wall along the north margin of the 
Mount I lope c»ddera is exposed for about 6 km. This wall 
cuu sharply across the lower ash-flow sheet oi the Masonic 
Park Tuff, andesitic flows and breccias of the Sheep 



Mountain Andcstte, thick quaitt latite flows of the 
vokanics of Leopatd Creek, and the upper ash-flow sheet 

of the Masonic Park Tiiff I otal leliet along the exposed 
section of this wall is about 5O0 m. The cakleia is filled 
with Fish Canyon that is at least 1.4 km thick and 
exieiids o\ei adjacent rocks on the south, east, and north- 
cast sides of the caldera. Adiaccnt 10 the caldera, the Fish 
Omyon Tuff genemlly icsu directly on the upper sheet of 
the Masonic Ptek Tulf. 

The exposed se^Hou of the topqgiaphic wall indicates 
that the caldera subsided after the adi flows forming the 
widespread upper sheet of Masonic Park Tuff were 
erupted (28^ m.y. ago), and the liasin formed by sub- 
sidence was in turn filled pensively by the next succeeding 
major ash-flow sheet, the Fish Canyon Tuff (27.8 m.y. 
old). In addition to these sualigraphic ooiutraints on the 
age of thecaldeia, other evidence, as follows, indicates that 
the Masnnif Park Tuff was derived from a source within 
the Mount Hope caldera: (1) (he position of the caldera 
well within the Masonic Park ash-flow sheet (fig. 15) and 
adjateni to the thickest scciions of this formation; (2) inter- 
Kjnguiiig of the Masonic Park Tuff with andesite lavas of 
the Sheep Mountain Andesite and with other locally 
derived lavas near the rim of the Mount Hope caldera; and 
(3) the presence near the soutii and soudiwrst e<lges of the 
caldera of bedded welded tuffs at the base of the upper ash- 
flow sheet of die Masonic Park that are believed to 
represent agglutinated ash fall, a deposidonal pracesB 
only likely ckise to the eiupdvc source (Lipman. 1975a, 

An earlier complex history of eruptioas from the same 
general source is indicated by scattered exposures north- 
west and west of the Mount Hope caldera and in the highly 
faulted area southwest of the caldera (fig. 14). In these 
areas, the several individual ash flows within the 
composite older ash-flow sheet of Masonic Park Tuff 
interiongue with dark andesite flows and breccias of the 
.Stui p Mountain Andesite that apparently formed a 
number of local volcanoes near the western margin of the 
later Mount Hope caldera. Just northwest of the Moimt 

no(>e (atder.i. the inierlongued assemblage of Masonic 
Patk l uff and Sheep Mountain Andesite is overlain by 
thick coarsely poiphyritie quarts latite lavas (vokanics of 

Leopard CreekV .md the-,' in hiiti ittovf-rlain by the thick 
upijer sheet of Masonic Park I ull (Steven and Lipman, 
197.^). 

W'r inteinr"! the^e relation? to indicate early concurrent 
' iu|Hiun:> ol qu.u 1/ IdiKic ash flows of Masonic Park Tuff 
.iiul andesitic lavas and breccias from local Sheep 
Mountain volcanoes. The ash-flow erupdons were 
appaiently of small volume, and it is not known whether 
they were accomptanied by caldera subsidence. Viscous 
quaru-latilic lavas forming a thick local assemblage 
(vokanics of I^pard Creek) were cnqpied alotif the 
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northwest side of the postulated source area (ollowiiig 
accumulation of the older Masonic Park ash-flow tuffs 
and Sheep Mountain andesiiic flows and breccias. 
Renewed eruptions of quartz-latitic ash flows identical in 
composition and appc-arancr to the older shcrl of Masonic 
Park Tuff spread great volumes of tuff in all directions 
from the source area, thereby forming the widespread 
upp>er sheet of Masonic Park Tuff and resulting in sub- 
sidence of the Mount Ho|x- caldera. 

The Mount Hope caldera was not resurgcntly domed 
immediately after subsidence to any discernible extent; the 
Fish Canyon Tuff filled a hole more ttian 1 .1 km deep and 



the floor of the fill is not exposed. Later broad uplift of the 
caldera area is indicated by the progressive overlap of 
younger ash-flow units onio the eastern side of thec<ildera 
fill (fig. 14). This uplift apf>arently was more a trapxloor 
uplift lhan a dome, with the western side preferentially 
uplifted. This later uplift probably was roughly con- 
current with major faulting west and southwest of the 
Mount Hope caldera that will be discussed later. The 
Mount Hope caldera forms a type generally transitional 
Ix-tweeii the earlier and later calderas of the San Juan field. 
Mount Hope is like the earlier calderas in its associated 
andcsitic volcanism and the quartz-latitic composition of 
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the erupted tuffs; yet this caldera is well within the main 
gravity anomaly (fig. 1 ) and is associated with more silicic 
lava flows, as represented by the voicanics of Leopard 
Creek. 

LA CARITA CALOERA 

The La Garita c<ildera <(ig. 16), ihe largest in the San 
Juan volcanic field, ranks among (he great talderas in the 
world. Thf original topographic basin was at least 40 km 
across from nnnh to south, and the subsided block within 
this basin appears to have been nearly SO km across. The 
original east-west diameter of the caldera was somewhat 
less, but the precise dimensions cannot be established 
because the western part of the l.a C>arita caldera has since 
been destroyed by later caldera subsidences. 

The La Garita caldera is legated near the center of the 
San Juan volcaiiic field, abovf the east-central part of the 
triangular-shaped baiholiih indicated by gravity data (fig. 
I). Subsidence took place 27.8 m.y. ago (Lipman and 
oiheis, 1970, p. 2310), in resixinse to eruption of more than 
3.000 km' of the phenocryst-rich quart/ laiiiic ash of ihe 
Fish Canyon Tuff (fig. 1 7 >. This unit spread over an area ol 
inore than l.'>.0<KI km^; it is 30-2(X) m thick over wide areas 
and accumulated to a thickness of more than l.-l km 
within the concurrently subsiding caldera. 

Whereas many of the older San Juan calderas formed 
near dusters ol eatliei andesitic volcanoes (the Bonanza, 
Platoro-Summitville, San Juan, Unconipahgre, and 
Mount Hope calderas), any such relationship is more 
dii'ticult to determine tor the La Garita caldera because of 



its size. Tlie intrusive core of an older volcano is exposed 
along the eastern wall of the La Garita caldera. and other 
volcanic centers are near the east, west, and north sides of 
the caldera, but exptosures are inadequate to indicate 
whether these volcanoes were concenuated near the 
caldera. 

A more important localizing factor may have been the 
position of the La Garita caldera with respect to the under- 
lying baiholith. Ihe c^aldera occupies much of the roof 
above the broadest part of the batholith indic<iied by the 
gravity anomaly (lig. I); this pan of the roof was re- 
ix>atedly disrupted by ash-flow eruptions and caldera sub- 
sidence's throughout tfie less than 2 m.y. that remained of 
the period of intermediate to silicic volcanic activity. The 
recurrent volcanic activity and related subsidences here 
must have reflected equally active high-level magmatism 
throughout the eastern part of the batholith. 

Little can be reconstructed of the early development of 
the La Garita caldera. The ficxjr of the caldera is nowhere 
exposed, and the eastern and northern margins that 
survived later caldera subsidences are marked by a 
sinuiural mcjai deeply filled with younger volcanic 
deposits. Little air-fall ash occurs below the outflow sheet, 
so premonitory eruptions seem to have been minor. In 
addition, no compositional zoning was noted anywhere in 
the outflow sheet of Fish Canyon Tuff, and the basal roc k$ 
seem indistinguishable from those elsewhere in the uniL 
Apparently, large volumes of ash were erupted quite 
suddenly from a major chamber containing relatively 
homogeneous phenocryst-rich quartz- latitic magma. 

The disparity in thickness between the iniracaldera 
(more than I .-1 km thick) and outflow p>arts (generally less 
than 200 m thick) of the Fish Canyon Tuff requires sub- 
sidence concuncnt with eruption. Compaction foliation 
and rude layering, marked in places by less-welded 
partings, are virtually parallel throughout thecaldera fill, 
and indicate that block suhsidence was concurrent with 
filhng. 

Little igneous activity or sedimentation seems to have 
cxcurred immediately after subsidence, and the first 
demonstrable event was broad resurgent doming of the 
core. The crest of the dome was relatively flat over an area 
at least 5 km across, and the preserved eastern atKi north- 
eastern flanks dip b°-\5° radially outward from the crest. 
Minor tensional faults separate flat from inclined 
segments ol the core, and also separate inclined segments 
that dip in different directions. Maximum relief from the 
northeast moat to the cTest of the dome was more than 1.4 
km. I he western and southwestern flanks of the resurgent 
dome have since caved into younger calderas, and have 
lx*en covered by younger volcanic units. 

Most of the moat is deeply filled by younger volcanic 
rocks, or has been destroyed by younger caldera sub- 
sidences. The lower fill, along the northeast side of the 
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caldera. con&isu of Carp«mtrr Ridge Tuii, in platxs 
showing evidrncr of having a^rumulated in shallow 
waicr. Minor luf (areous sedimrniary rocks rxposcd lac ally 
in this aiea profaably lepmeni dcpociiion by small sircaim 
or in local poncb. 

\'() laic riii^-frac lure igiifous aciiviiy is evident along 
the eastern or northern sides ui die La Gariu caltkra. but 
die major ifiyoliw dome along Miners Oeek. pardy 
( xp*)sfd in .1 ilt t p c anyon 6 km west of Crctilt- 1 S(<-\ en and 
Ratt^. 1965), is older than the Caipenier Ridge ruft. and 
may have mipted dtrough the wesiern ring-Cnciwe aone 
of the L:i Garita caldera 

The eastern wall o( the La (^arita raldera apparently 
stood especially high, and most subsequenl units from the 
(pnttal San Juan < aldrra complex were trapped against it 
tLstvvhtfc. the jouiigti ash llowi overtopped ihc La 
Garita caldera rim atxl spread widely. This high part ot 
ttie taldcra wall marks the truncated end of a line of major 
okirr andesitir volcaiKies that extended west'northwcsi 
from the Summer Coi^n (t nu r 10 km north of Del Norte 
(Lipman. 1968), through the Baughman Creek and upper 
La Gatita Ocek centen, to the Sky Ciiy center exposed in 
the eastern topogra|>hii wallof the«alcitia (fig Ifi) Tlioo 
vokanoes were deeply eroded prior to eruption of the Fish 
Canyon TuU, but prouuded through all but the youngest 
subsequent ash-flow units. 

BACIUUNl CAUUUU 

The Bachelor calden, the source of rhyoliie ash flows 

iliat formed thewid(-sprradfl.irpentpr Ridge I'uff (fig. 18), 
collapsed along the west margm of the La Garita caldera 
(fig. 16). The age of the Carpenter Ridge Tuff and of die 
Bachelor < (Ulr-;) is hratkt tf d bv K-Arages of 27.8 m.y. lor 
the oldtT ^l^h t-inj(jn 1 utl and 2b. 7 m.y. for the younger 
Mammoth Mountain Tuff. 

The outflow Fish Canyon and Carpenter Ridge Tuffs 
are separated by aiidesite flows and breccias of the Huerto 
Formation ifiat formed a series of volcanoes near the 
present edge of volcanic rocks south and southwest of the 
Bachelor caldera. After eruption of the andesites. the area 
southwest of the Mount llu\x (aldrr.i ifig III wis 
intricaurly doumfaulted toward the caldera complex, as 
described later. Dttring the Huerto eruptions and later 

faulting, maj.;iii.i .n • iimiilatfd in a ncu lv Jt\< Iop<-(niiKli- 
level chamber beneath the west side ol the La Garita 
caldeia, and differmtiated to a silicic phenocryst-poor 
rhyolitc whirh rniptrd to form the Carpenter Ridge Tuff 
Southeast of the caldera, the Carpenter Ridge is locally 
oompositionally loned from rhyolite upwaid inlo quarti 
latiie. 

Eruption of the Carpenter Ridge Tuff was accompanied 
by suhiiilence of an oval^shaped caldera about 1 5 by 2S km 

across. Tuff more than 1 5 km thick actunuilatf rl u ithin 
the sub&iding caldera, whereas the outflow sheet generally 
is less than 400 m thick. As in tnher caMeras in the San 



Juan Motmiains. these relations are believed to indicate 
subsidence concunvni with eiuptian. 

ITie floor and eastern wall of die Bachelor caldera are 

exposed locally northeast of Creedt . In this area ,i : .n;h 
fault-block topography marked by tecionically shaitered 
rocks, fault scarps, and uilus breccia tievdoped on the 
older rocks fSitvi-ii and Rattt", 1965, {). 17). These fault 
blocks underlie the Bachelor caldera fill and form the 
eastern caktna wall, where diey mark die progressive 
breaking down of the resurgent core of the L;i Garita 
caldera toward die younger subsidence feature to the w(*sL 
In part these fault bhxks may represent inward sliding of 
the Bachelor (aldrra wall toward the main ring>fiactU|C 
lone during Gaipcniti Ridge erupuons. 

Similar relations on die west side of the caldera may be 
represented by the intertonguing of Shallow Creek Quaru 
Latiie with the intracaldera Bachelor Mountain Member 
of die Gaurpenter Ridge Tuff, as described by Steven and 
Raite'(1965, p. 23) Tliis inicttonguinK was mapped in the 
early ISdO's before any of the calderas in the central San 
Juan Mountains had been recognized. In retrospect it 
sK Tiis plausible thai ibc lasers of Shallow Creek Qiiait^ 
Latite within the Bachelor caldera fill may instead be 
avalanche and landslide breccia derived from a major 
quart/ latite dome (fig. 8) that formrtl the nrarhy over- 
steepened caldera wall, a relationship whidi has been 
found in many other intiacsddera fills in the San Juan 
Mountains. This suggestion needs to be checked in die 
field. 

Three small ash flows resembling Fish Canyon Tuff 
ipiK.ir to intertongue with the intracaldera Bachelor 
Mountain Member of the Carpenter Ridge Tuff on the east 
side of the Bachelor caldera (Steven and Rait^, 1965, p. 1 8). 

These relations, if \alid, indiiate dial nei^hlx)' itig 
cupolas on die underlying baiholith were sufficcntly 
locally restricted to permit contrasting magmas lococxist 
IcKally and earlier magma types to persist while the 
Carpenter Ridge rhyolite was differentiating. 

The core of the Bachelor caldera was resurgently domed 
-shortly after subsidence, and a fragmented cross section ol 
tlie fkrnie can be seen in the north %vaU of the younger 
Creede caldeta. The top of the Carpenter RitlKe Tuff is 
more than 700 m higher at the < lesi of the dome than it is 
near the eastern and western ring-fracture zones. 
Tensional fractures that farmed during doming dropped 
l(«a! l)l(Mks ni'.ni\ 500 m near the ert-st of the uplift, and 
JuiiKitudinal normal faults, including the ancestral 
Amethyst fault in die Creede mining district (Steven and 
Ratie'. 1965, p. 5n !>6). extended norih-northwest down the 
axis of the upldt. Ihcse faults marked the initial 
fracturing of an area that was recurrently broken during 
later volranir epl^(K]^■^, and was w ickly mineraiizwl :it the 
lime when the ores oi the Creede mining district were 
deposited. 
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16 KILOMETRES 



FiCUtlE Kk—Rcfloicd fkiduloi jikI Ld (•ntiu cdldrrat 
h\ v>lul svmlHili; tutijn tijtdl 

Small plug& ui ihyuliie cut the iniracaldera lulls neai 
the cenier of the Bachelor caMera. These plugs aie ino«( 

.i!)iiiiii,iiu in liu 1 1 K k-- 1 1 1,1 1 .11 r < lii I)\ i(nvi< iii.i I f.iu] Is .ind 
iliat wiic pcrvasivtly brcccialcdduringiciiurgcnidonung. 
Evidence is ambiguous, but the rhyoliie pitigs may have 

Ix'rn fnip!;tf ff) Ixfon tir'-ccialioij nnd. thus, [jiinr to 
risuigciuf. No |jij.>>iu.-.uigen<e ignroiiii aiiivu> itLiud to 
llif Baclu-lor caldcra oclt- has bcfn recognizfd. 

Hk- shattt rfd inliaialdeia Bac helor Motiniain Mrmber 
of ihf Ciaipciufi Rid^t-' lull on thr rfMirKt-iu dome was 
allt'rcd during the h jtiiiig stages of ihr Haclirioi c^ildera 
(yiie. I hv itliiidcicd lull was uiien&cly silicificd and 
largely hi'aled to a massive rock. The content of the 



silicilied ruck incrrascd markedly from atxHtl 5 percent to 
as much as 1 1 penxm(Ilane and Steven, 1967. p. HIS); this 
iiuTcaM.' is reflected by abundant very fine grained 
onluKlasc in the matrix. In the iHXthem part of the 
Bachelor caldera. the intncaldeia tuffs were variably 
bleached and alifrrd. and disscminaicd p\iiu- was 
erratically introduced. No signilicant txonomic mineral 
deposits refaiied to ihe Badielor caldera cycle arc known, 
however. 

MAMMOTH MOUNTAINt?) CALOERA 

liidireci evidence suggests thai subsidence look platje 
duiiiig ciupiiuii oi the Maniinuth Mountain Tuff, but the 
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FlCL'HE 17.— DtMribuiton of (hr Fuh C^>x>n Tuff {diafconal linn) in 
triation lo La Gaiiu caMrta (Q) and San Juan volcanic fieki 
(sKad(d)L 

fx>siulaicd caldcra ha!> been largely destroyed by the 
younger Oeede taldera and covered by younger rcxks. 

The Mammoth Mountain eruptive cycle began with 
local cpisochc pyrcxzlastic eruptions that formed a 
sequence originally called Farmers Ci'eek Rhyolite by 
Steven and Ralte ( 1964, 1%5) and Rati^and Steven ( 19<i7); 
subsequent regional work has indicated that these rocks 
were primarily Icxal prcxlucisof premonitory eruptions in 
the Mammoth Mountauic>< le (Steven, Lipman, Hail, and 
others. 1974; Steven and Ratt^. 1973) that were deposited 
just northeast of the postulated source beneath the 
younger Creede caldera. The early episodic pyrcKlastic 
eruptions progressed into a pulsating, nearly continuous, 
ash-flow eruption that flcxxled (fig. 19) the lower parts of 
the rough topography left by subsidence and resurgence of 
the C'ariia and Bachelor calderas (fig. 1 ). Most of these 
Mammoth Mountain ash flows weldtti into coherent, 
dense tuff that shows obscure compound cooling (Ratt^ 
and Steven. 1967. p. H18-H3.1), 

The Mammoth Mountain Tull accumulated to a thick- 
ness of more than .'iOO m in the moat of the resurgent 
Bachelor caldera, where it is strongly zoned from 
phencKTyst-f)oor rhyolite at the f>ase to phenocT>'st-rich 
quart/ laiite at the top (Raiie and Steven, I9<»4, 1967). The 
Mammoth Moimtain TufI wedges out ag:iinsi and is 
absent over the top of the rc-surgent core of the Bac helor 
culclera, and was contattird cin the notiheasi and south- 
west by the outer topcjgiaphic wall of thecaldera. A 300- to 
400-m-thick sheet ol densely welded c|uart/ latite tuff of the 
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FiceRt 18.— DiMribiilKwi of Oirprnlrr Ridicr Tuff (diagcntal linn) in 
iclatiot) lu Bachrlof cakU-fa (B) and San Juan volcanic firld (shaded). 

Mammoth Mountain Tuff extends southeast from the 
postulated source within the suhsecjuently formed Oecdc 
caldera to the southeast topographic wall of the La Gariia 
caldera where it wedges out abruptly. Remnants of crystal- 
tich Maminoih Mountain Tuff 5-20 m thick are preserved 
near the Continental Divide 35-10 km south of Creede, 
indicating that the unit spread widely in this direction 
over the smcxiih top of Carpenter Ridge Tuff. 

Near the postulated source, the prcjduris of the 
.Mammoth Mountain eruptive cycle show structural 
relations that may indicate nearby caldera subsidence 
related to the ash-flow eruptions. The rudely layered rocks 
at the ba.se of the section — the Farmers Creek Tuff 
(Farmers Creek Rhyolite of Steven and Rati^. 1965)— and 
most of the overlying phencxrryst-fxxjr tuff are inclined 
lO^-l.^" NE. The dip of this compaction foliation flattens 
in the younger quariz-latitic rcxks; the change in dip is 
alx>ut coincident with the change in liihology and takes 
place within a vertical span of about 50 m. This change in 
dip is interpreted to reflect structural disturbance during 
Mammoth Mountain eruptions, a structural disturbance 
{x-rhaps related to caldera collapse at the source vents. 

Most of any Mammoth Mountain caldera that may have 
existed was destroyi-d by the younger Creede caldera. The 
size or shape of the pxtstulated caldera is unknown, except 
that it must be within the topographic wall of the Crtrdc 
calcleta, which exposes pre-Mammoth .Mountain rcxks on 
its northern, eastern, and southwestern segments. 
.Numerous viscous quari2-latitic lava flows that probably 
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Fici'iF. 19. — Disiribuiiuii <>< M^mnitMh Mciunuiti Tiili (duKotuI linn) 
in irlaiion in {Mubablf- «iuiir Mm (SI ^ihI Jujti viiUaiiK lirkl 
(ihadcd). 

arc umulated near their own vents ovrrlie the Maminoih 
Mdiiiiiaiii Tull cast and iiotih«JNt ol the C^ret'df laldera 
and may rfprcNcni the outer parts of flows and domes 
erupted marginally around the postulated Mammoth 
Mountain (aldrra. 

SOURCE OF THE WASON PARK Tt'FF 

The Wason Park Tuli is a simple tooling unit ol rhvo- 
litir ash-flow tuff that spread widely over the central San 
Juan volcanic field (fig. 20) and seems centered on the 
younger Cjeede caldera (fig. I). North ol the Creede 
caldera, the Wason Park fills the up|X'r jiaris of the same 
rough topography that confined the Mammoth Moun- 
tain Tuff. It IS largely confined to the moats around tile re- 
surgent La Garila and Bat helor ralderas where it rests on 
thick tongues ol Mammoth Mountain Tuff, and it thins or 
wedges out latetally against the resutgent cores or topo- 
graphic walls of these ralderas. To the west, south, and 
southeast, however, the Wason Park Tuff s))read widely as 
a thin sheet on top of older ash-flow sheets. 

The Wason Park l uff has a volume greater than 100 
km' (Kaii^ and Steven, 1967. p. HM) and is sufficiently 
voluminous that subsidence should have resulted at ilie 
source (Smith. 1960. lig. 3). but no caldera structure is 
ex|M)sed within the area covered by the sheet. 1 he only area 
large enough lor subsidenc e related to Wason Park Tuff is 
under ilie younger Crcrde caldera, whu h is near thecentei 
of the area ol disiribution of the thickest and most densely 
wekk-d Wason Park Tull. White pumice blocks charac- 
teristic of the Wason Park l uff aie larger neat tfie Creede 
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Kici'RE 20.— DiMiibuiiiin tA Wjvihi P;itk Tuff (diaKonal linn) in irla- 
iion lopiolubic xjuit<-aii-.i'(S) 'IkI San Juan tokanit iirld lUudnl). 

caldera than in the distal parts of the sheet (Ratt^ and 
Steven. 1967. fig. 16), and may indicate proximity to 
source. A IcKal lava flow clcjscly similar in liihology to the 
densely welded Waviri Park Tuff underlies the Wason 
Park along the northeast rim of the Creede caldera (Ratt^ 
and Steven. 1967, fig. IbB}, again suggc-sting a nearby 
source. 

.SAN LUIS AND CXICHETOPA PARK CALDERAS 

Although completely se|>arate subsidence structures, 
the .San Luis and Oichetopa Park calderas (figs. 21 and 22) 
are si) intertwined in evolution that ihey are considered 
together. Furthermore, the San Luis caldera appears to be 
a compound structure consisting of two overlapping 
subsided bicxks that lormed in sequence during sei>arate 
|x-ricxjs of ash-flow eruptions. 

Straiigraphic uncertainties prtxlude confident inter- 
pretation of the evolution of these calderas. The history of 
fxisi usages ol the Rat Creek, Nelson Mountain, and 
Cixhetopa I'ark as nx k-siratigraphic units chronicles the 
confusion that has stemmed Irom attempts to correlate 
virtually identical rock types from area to area: nearly 
< v( ry ie|xjri dealing with thev units that has been pub- 
lished since I9<>4 treats them differently. This report 
continues this confusing practice because none of the 
previous usages permits reconstruction of a coherent 
history of exoluiion ol the calderas. 

In its type locality in the Crcrde mining district (Steven 
and Rain'. 1961. 1965). the Rat Creek Tuff consists largely 
ol soil white nonwelded to slightly weldc-d mililized tuff. 
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Fieuu 21.'Cciieralurti gruluf(> "I >l<c Lui* AIkI Cj«lirit>(i^ F^ik c^ldu^ in rrkiiion lo rcmnanu of the Bachelor (B) 
md Lft Gariu aMriai. Coniral modawe lo good wii«ie boundana are *ho«rn by loM sfwtahi ctHqcOiinl wheAr 
ihoura opm iymlml*. E. gmenl ami of the Equity rainciSLP, San Lull Peak 

witha k dgt of tlt iist i\ welditl luff 10-30 m thick juM above 
ihe middle. The R^t Crtxk » ovvriain by Nelson Mountain 
Tuff, a densely welded quartz latite containing 15-30 



pcrcciii pluiiDtrysts. Steven 
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included in the Nelson Mountain die large mass of 
propylitited densely welded tuff (the Equity Quartz Latite 

as used by Emmons and t^irscn. I')2S'' that fills tlir lower 
pan ol the San Luis caidera, alUiuugh they could not 
prove physical continutiy. 



After extensive regional mapping in the cenWd and 
northern San Juan Mountains, Steven, Lipown* and 
Olson (1974. p. A80) concluded that the densely welded 



rocks m the San Luis r iKIt ia wric [jrc)b;tb!y tin- iiitra- 
caldera equivalent of the Rat Creek Toff, and called dieni 
the Equity Member of that formation. Overlying densely 
welded tuffs on ihenorihand imi tb< jst sides of the caldera 
were coirelaied wiili the lithologically identical Nelson 
Mountain Tuff at its type locality. These overlying welded 
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luffs extend into their apjxirtiu iuurcc aita in tlie 
Corheiopa Park caldera to ilie northeast. Younger post- 
subsidence tuffs fitling the Cochetopa Parle caldera were 
giIIhI the CkKhetopa Park Member of ihe Nelson 
Mounuin Tulf . 



Continued work in tfie noithwesteiii San Juan 
Mountains has shown that something is wrong with this 
inierpreution of ihe Sttatigiaphic assemblage. Major 
densely welded uh^floiw luffs in the Lake City ar» (40 km 
norihwest of Creede) almost certainly aivciiuivalent n> the 
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NVIstin Vfount.un Tuff ai iis lype lotality in ihf C.Terde 
niiniiig (li!>irui, but details of distribution and vulumr 
make ii highly unlikely that they were derived from the 
Ckichetopa Park calden. This forces the following KiMa* 
tive roncluisioiu: 

1. Thf rorrelatton nf N'rlsoji Mountain l ull in its iy|>e 
Imalit) in the (j^mie district with lilhologically 
ideniual tuffs nofftheasi of the San Luis caldna 
probably is wrong. 

2. The original (nrrflafinn nf Nelson Mountain Tuff 
with the densely v\rlJrd iLqut(y) tuffs in the San Luis 
caldcTB by Steven and Rattc {19M, 1965) probably is 
concci. Ilie Equity Member is therefore removed from 
the Rat Creek Tuft aiid assigned to the Nelson 
Mouniun Tuff. 

S. The densely welded tuffs north and northeast of the San 
Luis cakkta, apparently derived from ttie Ckxheio^ia 
Park cildeta, constitute a sepanie unit younger than 
till- R.u fjtfk .iiiii N'lUon Mountain I ufts. Wellnir 
lore remove the Cuchctoixi Piirk Member from the 
Nelson Moimiain Ttiff and raise it lo fonnational rank 
as the Cocheiopa JPark TufL 

The interpretaiions rlKii fi>llou .issiime that these trntn- 
(ive coiKlu&iuns are generally correct, but repealed 
examinatiom of critical field relations and petrographic 
studies have failed m develop the firm rritrrin for dis- 
linguishing ihete units that will be required lor (onfident 
evaltuttion of our evolutioiiary model. 

CXMIPOVNI} SUBSIDENCE OF THE SAN LUIS CALDEllA 

As currently (197') imderstood, the Rat Clrf k Tuff 
appears to be a relatively low volume iuscmblageoi poorly 
weliled rhytililic ash*flow ttiffs confined IvB^ly to (he 
vicinity of the Crti-dt tninin^ disin'i i fSn m n and Raiie, 
1965). Several factors imply a nearby source: ( 1 ) at least one 
local volcano of Rat Creek age is well exposed in the heart 
of ihf ('iccdc (listrirt 'Sfrvrn anfl Riii*^. IWi. p '^'], i?i a 
local ledge (jf denv'ly welded lull tKtui^ jiisi aUnt die 
middle of the Rat Creek Tuff within tlie C^rmle disirict; 
and (S) a small subsidence structure (raldera ) of Rat Creek 
age is kx::ue<l along the norihw<-st side ol the Creede 
district. This last structure, described below, is here 
considered an early stage in the development of the 
compound San Luis caldera (fig. 21 ). 

The regional sheet of Rai Crt< k Tuff ranges widely in 
thickness because of rough underlying topography, it is 
150-200 m thick through the central pan of the Ovede 
disirui, 1)111 i(p the noriht-ast i( w( (!t;< s im( i < iin]>l< 
against an eicxled fault scdip cutting (he resurgent core of 
(he La Cariia caMera. North of the Creededistrict. the Rat 
Creek is rut off by the lopogniphic wall of the main San 
Luis caldeni. 



In the early stage of the San Luis nilcfcru along Miners 
Cuck iioithwest of the Crci'de disuici (fig. 21), soft 
/enlitiied tuffs that are physically continuous with tfipe 
Rat Creek Tuff fill a partly exposed subsidence structure 
that has a steep arcuate fault along the south and south- 
west sides. To the north and northeast, this caldera is 
largely covered by younger rocks and relations are almoai 
totally ohicurvil: the map paitem (figs. 21 and 22) implies 
that the nortliem part of the caldera caved into the main 
San Luis caldera which developed shortly afterward. 

Soft tuffs of the Rat Ovek accumulated to a thickness of 
more tli.iii "^^0 in w ithin the early caldera and are at least 
twice as thick as nearby corxelative outflow tuffs. The 
intracaMera niffs are flat lying and show no evidence of 
resurgence. The faulted margin is largely obscured by 
niaskive landslides, but it can be estimated to within a few 
metres along one gully where it appears to be very steep. 
Els<'»vhprc thr fatilt indiiaied by jiixi.iiK)siii()n of (l>ifk 
inuaLaldcia Rat ( jeek TutI and flat-lying older rcx:ks in 
the wall. Two inirirsives were cmplaoed along or near the 
faulted margin. One is a major neck, more than I km 
across, that clearly occupies lire fault; the other forms a low 
knob. 500 m aooss, ONnpktely suirounded by landsUile 
debris. 

Several featiues indicate a Hat Creek age for the early 
calden. The ivall outside the faulted margin indutiet 

ro< ks as young as Wason Park Tuff, which is the next 
oldest ash-flow unit in the San Juan Mountains, and 
looilly may include the ovx'riying andesite of Bristol Head 
whi( h IS ilirt-( tl\ iHiicath die R.ii ( jtfk Tuff just cast of the 
early caideia. 1 he lotal ktJgc ol dciiscl) weldc-d tuff in liic 
uppiv part of outflow Rat Creek Tuff extends westward to 
the vicinity of ihe early caldera, but is nowhere fourxl 
within the caldera, aidiough the area of its projected 
position is well exixjsed. However, the caldera margin, 
whose development probably acxxnmu for this 
disoottlaitre, is coveted by surfidal debris and younger 
lavas. The laldeia fill is overlain by typiial Nels<:>n 
Mountain luff that extends from tu type locality 
westwani across the area of ihecarly San Luis caldera. The 
Nelson Mountain forms an unbroken rim across the trcTid 
of the older faulted caldera margin without any change in 
thickness or eviiience of deEonnmion. 

The main San Luis caldera (figs. 21. 22, and 23} is now 
thought to have subsided concurrently with eruption of 
the Nelson Mountain Tuff, and at least 1.5 km of 

plieiiocryst-rich quaru laiite ta umulated within the sub- 
siding basin, whereas the outflow sheet nearby is only 
about 300 m thick. This thick mass of intracaldefa ash 

^vrldfd into a dcns< . nciiK I)ornoi;eiicous rrx k withonly a 
few local less-welded partings. Later propyllitic alteration 
further homc^nized the rock and obscured partings. The 

base of thr intrai al<1( ra Nelson Mountain Tuff is exposed 
IcMally within the iiorih<eniral pari of (he caldera core 
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FicuiE 23. — DUiribulion o( Nrlwm Mountain Tuff (diagonal lines) 
in rrlalion 10 San Luii catdcra (S) and San Juan voicanK field 
(shaded). 

when- densely welded quaru lalile directly overlies a local 
hill, probably a volranif dome, of older rhyoliie. Some 
probable Carpenter Ridge Tulf is exposeil on ihe norih 
flank of this hill, bui its relations with the adjacent 
rhyolite are obscure. No soft tuff representative of Rat 
(irefk ash flows is exposed on this buried hill, but the 
lower i>arls of the caldera floor where such tuff def^osits 
might more reasonably be exp>ected are nowhere exposed. 

.Subsidence o( the main San Luis taldera produced a 
broad basin nearly 15 km across. Intermediate to silicic 
lavas and breccias of the volcanics of .Stewart Peak 
accumulated within the northern and ea.siem parts of this 
basin, and were Icxally accompanied by depcjsitsol stteam 
and lake sediments (figs. 21 and 22). Most intracaldera 
lavas around the eastern side of the caldera are rhyodacite 
and quartz latite, but pc-rlitic rhyolite flows are abundant 
along the north margin. All known dike and neck feeders 
tor the intracaldera lavas are within the caldera cote. The 
eastern margin of the t aldera block again subsided lixally 
dui ing eruption oi the iniracaldeia lavas, as indie aietl by a 
fault with at least 5O0 m oi throw that places the lowei t 
of the volcanics ol Stewail I'eak within the caldera against 
older Fish Canyon Tull in the wjll. The fault passes under 
unbroken Ok heiojia Park Tuff to the north, and ledges of 
this yoiuiget unit represeiuing succ essiveash Hows both to 
die north and south intertongue with younger lavas on the 
Siewaii Peak secjuence, providing an up)>ei age limit for 
the renewc-d subsidence. 



.StIBSIDKNCK OF THt tOCiUtlOPA H.ARK CALDtRA 
Ash flows of the Qxhetopa Park Tulf that were 
depositttl in the San Luis caldera area (fig. 1) during 
accumulation of the intracaldera volcanics of Stewart 
Peak had their sourc e in the Ctx heiopa Park area, some 30 
km northeast. Minor phenocryst-poor rhyolite ash accu- 
mulated neat the source, but the eruptions soon changed 
to crystal-rich quaru latite that is seemingly identical with 
the Nelson Mountain Tuff. The Cochetopa Park ash flows 
followed the nearly filled moat around the northern side of 
the I.a Ciariia c-aldera (fig. 1) and inter-tongued with the 
volcanics of Stewart Prak within the San Luis caldera (fig. 
24). 
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Fic;i'RE 2i. — Diitiiibuiion (if ihr (^■iiriupa Pork TufI (diaKonal linrs) 
in ct-la(K>n lu CiHhrio|xa Park taldcta (C) and San Juan ralranic 
field lUudrd). 

In contrast with the larger .San Juan calderas, where 
subsidence occ iiried ccinc utrenily with ash-flow 
eruplions, the Ccxhetopa Park caldera collapsed after 
major eruptions had ceased, as indicated by lack of 
tliickeiiingol the iiiliacaldera tuff. In (urthercontiast with 
tJie largei calderas, the Cothetopa Park caldera did not 
loim a complete c ire ular structure, bin subsided as a irap- 
ilcHii IxMiiuied by a horseshcx--sl)a}x-<l laiilt. The soiith- 
wcsieiii margin did not Iracture, but meielv bent down- 
waid and tilled eastward. A trcjugh, probably representing 
J gialx-n, loimtHl along ifie northwest side of the caldera 
COIC-. and a tilled, noiilieasi-trencling ridge ol Ccxhetc>|>a 
Pal k I nil dipping 3°-l(f L. extended beycmd the middle oi 
ilie caldcia (jig. 21). An innei ting-lracture /one can be 
posiulatc-d to account lor major subsidence (fig. 21). 
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Maximum disp! u ' y nt on ihv norihcasicm of ilic 
uapdoor i» 700-600 m. as judged Irom the height oi ttic 
topographic wall in this direclion. 

After tin- inru i tntpdcMr btcxk had subsidtti, oi p<'rli;ips 
concurrently with subsidence, the walls ol the caldera 
slumped inward along arcuate faults that nearly sumHjnd 
ihr daw nfuultcd (sarts of ilic i aUlera. The breakaway zone 
near the hmgeUiie oi Uu- iiajjclDor on the west side of the 
catdeia is a splintered arra of many faults and jumbled 
lelaUons between blot k.s. Elsewhere* the tluniped blocks 
are bounded by curved, linking fnillt that Mt COncave 
toward the subsided ira|xl(x>r. Locally alongtbe northeast 
side, no slumping took place. 

Minor pyroclastic eruptions after subsidence ol the 
C^ichetopa Park caldcia tk-fxiiiirJ local moderately to 
(kiiscly welded a»h-tlow lults neat Utc hingelineand thick 
nonwelded pumiceous ash^flow tuff within the caldera 
c.iNi of thr incdial ritigc (fi^. 21). The trough (grab«Tt^) 
nortfiwesi ot the itKxlial ndgt was filled with sandy 
tuffaceous stream deposits and a few layenolatr''lBll tuff. 
I he two faties meige in the r>ortheastem part of die 
caldeta al>oui on trend with the medial ridge. Layering in 
the tullaceous caldera fill is flat and shows no resurgence 
o( the caldera core. In places the caldera till covers arc uaie 
faults of the outer slumped zone and provifles an upper 
limn on tlx i^i ot thai faulting. 

A thick rhyulite flow with a prominent black vitrophy re 
at Its base was erupted through the caldera lill ahciut on 
trend witti thr medial ridge, and cnMtdl irrnnaniS Still 
(XTitist as thr feature called C/x heiopa D*iinc. 

Rt.su RG Ct mt!»-\N Ll'l-S CALUtRA 

Whereas minoi- resurgence of the San Luis caldera may 

have preceded or an ompanied Miipiion of the intra 
caldera volcanics ot Stewart Peak, niosi ri-suiKciice tuuk 
place later. Densely welded layers of the Ox^hetopa Park 
Tuff, representing many successive ash flows from the 
C^hetopa Park caldera. intertongue with the upper 
viiltanics of Stewart Peak and are involved in this 
Rrsitfgeni uplift. North of the caldera, the Ckichetopa Park 
Tuff is inclined less than ICP in various directions, but 
neat the laldera nia>K>» die layers arc Ix m np .ildnt; .i 
curving hingeline and dtp 2ii°-25° radially outward fioin 
the tesutgnit cote. In part, this hingeline is marked by a 
fault with liitti (lisj>la< i tiu tit and ifie change in dip is 
sharp; elsewhere no iauli is apparent and the change in dip 
is less abrupt. South of the caldera, resurgence is locally 
niaiked by an ahiiipi change in ilip lioin II, it layers of 
Nelson Mountain lull outside iht (.aiiieia to layers 
€lip|>mg \')° oi so soulhtivard off the dome within the 
dldera. iNear the Equity mine in the nurthem part of the 
Creede disiriti, liowe\er, local resurgence uplilied a 
t) iangular blcn k . I > > km on a side, nearly a kilometre 
(Steven and Ratte, 1965). 



Tills icsuiK'"' <■ u .IS somewhat .isvmmtii i< al to the San 
Luis caldera. The stiuill remnant of the early subsided 
block along the southwest sideof the caldera is not domed, 
nnd evideni r of rr<;iirgf m c is apparently limited to the 
main caldera and to an aiea extending about a kilometre 
beyond the eastern and nordieasicm structural margin of 
the caldera. The edge of resurgent uplift on the north side 
of the San Luis caldera is just iruide the outer topKi- 
graphic wall, and potaibly it ouuide the bttrted stiucninl 
margin. 

The minimimi structural relief caused by resurgcncetsa 

little less than .i kiloim iic. as iiuliiaifi! hy ih»- elevation 
difkrence between the lop u( flat-lying Nelson Mountain 
Tuff ouuide the caldera and die top of San Luis Peak 
wiihiii t!i<- (aWcra On tJic iioiih side (jf the caldera, this 
difference is about 1.4 km. whereas on the south side it is 
about 0.7 km; as discussed later, this contrast reflects 
lilting caused by late general uplift of the roof of the 
iKitliulilh that underlies the central part of llie San Jiian 
vokamic field. 

POik rCALUCRA LM/a 

Resurgence of the San Luis caldera was followed by 

d< velf)pmcnt of a linr of volcanoes that cxiends westward 
from the caldera about 11 km. l lic eastern part ol these 
postcaldera volcanic locks, as shown in figures 21 and 22, 
consisu of coanely porphyritic lavas and bnocias (the 
quartz latite of Baldy Cinco) diat wcie erupted from many 
lixal vents, some within the western part of the San Luis 
caldera. Over most of ibetr extent, ihoe lavas and bieoctas 
rest on flat ledges of densely welded Nelson Mountain 
Tuff cjr Ok fictopa Park Tuff . hut on iht < asi ihes abut and 
wedge out against tilled volcanics ot Stewart Peak and 
Nelson Mountain Tuff in the resurgent core of the San 
Lui-. < aldi la. Apjinrrntly most of the western third of the 
caldera was once covered by tfiesc rocks. Lavas of similar 
age and composiiion (quartz latite of RambouiUet Farfc) 
(Steven, 1967) rxtrnd farther ^outh^^•f•^t, toward tlM: SOUth- 
rast margin of the l"iicuiii|iahf;rc taldtra. 

CREEDE CA H)tR,4 

the Creede caldera (ftg. 22) formed in lesponse (o 
eruption of the Snowshoe Mountain Tuff about 26.5 m.y. 

ago and is the youngest subsidence structure in the central 
San Juan caldera complex, lu iorm is clearly reilccted in 
the modem landscape. (See frontispiece. Ratttf and Steven, 

l*M)7, fo] a I olot panorama of the C">e<ile (.ildcia. i The 
excellently preserved lopt^raphic lorm of this structure 
has resulted primarily from burial of all but the higher 
IKirisof the resurgent core by stream anct laki sctliiru rusof 
the upper Oligcxene Cj"ec"de Formation dial weic not 
removed by eiosion until late OnoKiic lime(Sieven, 1968, 
p. 111). l)e\elopment ol tfie Creede caldera was considered 
ni detail by Steven and Rattc' (1965, p. i>8-62), and Smiti) 
and Bailey (19<>8, p. b25-()26) used it as one of their seven 
examples ol typical resurgent cauldrons. 
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The Creede raldera subsidence was localized along the 
souihwesi margin of the La Garita caldera (fig. 22); ii 
obliterated the south pan of the Bachelor caldera and the 
larger part of any calderas related to eruptions of the 
Mammoth Mountain and VVason Park Tuffs. 

Initial eruptions of the phenocryst-rich quartz lalite 
forming the Snowshoe Mountain Tuff spread a ihin, 
pcK>riy welded sheet over the flat surfaces ol earlier ash- 
flow tuffs in adjacent areas (fig. 25). Subsidence began 
shortly thereafter and proceeded concurrently with 
eruption. More than 1 .4 km, and perhaps more than 2 km, 
of nearly uniform cry stal-rich ash accumulated within the 
subsiding basin: most ol this is densely welded, but a few 
p>artings are less welded. 




0 100 KILOMETRES 

I ■ > 

Fici'RK 2f). — Arr-js whrtr misifnuil rrainanb ol Snowshnr Mtiuniain 

I ull arc pirM-rvcd idUKOtuI linn) in irlaiion to Cji-rdr laldria |C) 

and San Juan volcanic firid (^liadrd). 

Tongues ol talus and ro< kfall breccia (Steven and Rattt', 
1965. p. 42) extend into at least the upper 700 m of the 
intracaldeta Snowshoe Mountain Tuff along the western 
side of the caldera, and probably are present but 
unexposed elsewhete within the iniracaldera tuffs. These 
breccias clearly indicate subsidence concurrent with 
accumulation of the .Snowshoe .Mountain luff, and 
demonstrate that die developing caldera wall exposed 
rcK ks as old as Wason Park Tuff at least episodically 
during subsidence. The successive rude layering and 
compaction foliation in the SnowshcH- Mountain Tuff are 
virtually parallel, and indicate that the core of the caldera 
s;mk as a coherent mass, rather than in piecemeal blocks. 

Final subsidence left a basin 12-15 km across, with sleep 
walls rising 1-1.4 km above the flat floor. ITiese walls were 



unstable, and great masses fell off to form tongues of rock- 
tall breccia that extended over die caldera floor. The north- 
east wall of the caldera, where densely welded Mammoth 
Mountain and Wason Park Tuffs overlie soft tuffs, was 
particularly susceptible to avalanching, and a broad 
crescent-shaped scallop, 8 km wide and 3 km deep, 
developed in the outer wall. Breccias derived from the 
northeast wall of the caldera (Steven and Ratte', l%5, p. 42- 
4.1) have been identified more than halfway across the 
caldera, 8-10 km from their source. 

The core of the Creede culdera was strongly domed after 
subsidence, and the center of the dome was uplifted more 
than 1.5 km above the structural moat left around the 
l>eriphery. Ilie eastern part of the uplift is a simple half 
dome with the layers of Snowshoe Mountain luff dipping 
radially outward 25°-45°. .\ deep north-trending graben 
extends across the center of the uplift; displacement is 
minor near the north and south ends of the graben, but 
exceeds 700 m neat the center of the dome. Internal 
structure of the graben iscomplex (Steven and Ratte. 1965, 
pi. 1), but its general form is a fractured keystone block 
across the distended top of the resurgent dome. The west 
part of the resurgent core was less regularly uplifted; the 
iioriheni flank was tilted northwest and broken by 
faultmg and the western flank was tilled generally west- 
ward and was progressively more uplifted toward the 
south. 

A small domeofautobrecciatedrhyolite (Point of Rocks 
volcano) formed along the west side of the Creede caldera 
at some time just preceding, during, or immediately after 
resurgent doming. Pebbles of similar rhyolite have been 
found in some avalanche breccias caught in jumbled fault 
blocks along ihe keystone graben, suggesting that this 
volcano may have formed before resurgence. On the other 
hand, the eruption may have followed resurgent uplift, 
inasmuch as a local exp>osure shows the feeding neck to be 
nearly vertical where it cuts across strongly inclined layers 
of Snowshoe Mountain Tuff. 

Resurgence of ihe CIrerde caldera was followed by 
eruption of flows and domes of Fisher Quartz I^iite at 
plat es around the periphery and by deposition elsewhere 
of the SI team and lake sediments and travertine of the 
Creede Formation. Closely accordant K-Ar age deter- 
minations of Fisher lavas indic<iie that ihis stage in the 
Creede caldera cycle took place about 26.4 m.y. ago. Most 
of the |M>stcaldera lavas were erupted from cTnters north- 
east and south of the caldera. Ash-flow deposits in the con- 
currently deposited Creede Formation are most abundant 
toward the south, indicating that Fisher centers in this 
direction supplii-d much of the ash thai elsewhere was 
reworked into the predominant stream-and lake-sediment 
fa< i<'N. Travertine in the Creede Formation was de{)osited 
widely around the periphery of the caldera: consideration 
of the liming of deposition and of carbon isotop>e ratios led 
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Steven and Friedman (1968, p. B32-BS3) to conclude (hat 
ihe cariKMalF wai derived from underlying sedimentary 
carbonate units by resurgent magma rising into the roots 
of the Qteede caldeia. The Crmk Formauoa ii presently 
nposed over a vertical range of man lhan 700 m: the 
bottom of ihe basin of dt-|>osiiion is not exposed arid the 
top of the formation is eroded. The origioal thickneu of 
the fbraiaiion %»as nioie than a kiiomefre smd was poMiMy 
as much as 1.4 km 

The final majm sugt- m structural diaruptiun tiiai has 
been mocniaed in ihr vkimty of iheGraedecalden was 
strong local faulting aocompanied by mit>eralization in 
the Creede mining district adjacent to the north margut ol 
the caldera (Steven and Ratt^, 1965) and in the Spar City 
mining district along the south marg^in of the caldera 
(Steven, 1964). Steven (1972) and Steven and Laion (1^73) 
have interpreted the faulting and mineralifittion in the 
Cicede distiia to have resulted torn local inmuion of a 
tiock into the roott of a pieexisting broken tone. This 
intrusion may have Ixrii the terminal stage of ific Crot^t- 
caldera cycle or, tame iHobably, may have been a later 
umelaied event, inasmuch as K-Ar age detenninationt on 
irlut iii i fr )m ihc OH vein in theC'tertlr disiiiit iiulifate 
litai iiuiMTialization uxtk place there about 24.6 m.y. ago 
(M. A. Lanpheve, P. M. Bcthke. P. Barton, written 
contmun., 1973), nearly 2 m.y. after caMen subsidence. 

UITE GENERAL MACMATIC t PLtFT 

A broad zone CKiending from the Platoro caldera 
complex northwest through the central San Juan caldera 

complex was broken h\ nonn.il faiilis late in tfie [x ricKl ol 
caldera development. Faulu that developed at this lime 
extend along the crest of (he eastern part of the giavliy tow 
(fig It; thc'sc faults are thought to rrflrrt uplift and 
distention related to a general buoyant rise of the whole 
easiein port of the batliolilh, where evidence lor con* 
current magmatism is strong. 

Faulting took place in two general <>egments — the Rio 
Grande graben (figs. I and 22) extending southeast trotii 
the central caldera complex, and (he Clear Creek graben 
(fig. I ) extending tangcniially northwest from the caldera 
complex Some faults in the Rio Grande graben were 
recutrcnily active, parricularly near the northwest end, 
where we recognized several inoements of disphcement 
relatc-d to the progn ^•>i\(* breakdown of the vouthwestern 
half of (he La Garita caldera. Recurrent tnovcment is also 
evident at (he southeast end of the graben system, where 
MicKrne basalts of the Hinsdalt Formation arc lo<allv 
involved. The main graben faulung, which integrated 
some of (he earlier faults into a regional pattern, took 
place during the Owde c aldera cA t le Manv of the faults 
[ ui .S'ehon M<»uiii.iui 1 uii and aic in luin ovi ilapjit-d by 
unhioken Fisher Quart/ Laiite that was erupted late in the 
Creeile caldera cycle. The northwest-trending faults are 
geneially parallel lo ihe trend of iheunderlying batholith. 



This same part of the batholith was the source of repeated 
ash-flow eruptions and caldera subsidences during and 
just before graben development, indicadng high>level 
activity in (he underlying magma chamber. Some Rio 
Grande graben faults terminate to the southeast against a 
north-itetuling fault that elosely paiallels the ea^icin 
margin of the gravity low— again implying a close 
relatioruhip between the fauldng and disiention of the 
roof alK)\e an active segment ol the batholith. 

As shown on figure 1. the Clear Creek graben (Steven, 
1967) extends tangentially northwest bom the soudiweH 

sidr of the rents ) I S ui Juan caldera romplex. Its trend is 
paiallfl to the southwest side ol the gravity low in the 
south-t^tral part of the voi( amc field. Where the graben 
extends across the gravity low toward the north, it 
separates an arr<i o( ihen-recent ash-flow eruptions and 
caldeia subsidences to the east from an area of older ash" 
flow entptiom and caldeia subsidences to the west. The 
graben refteos distenuon of die roof of the batholith, and 
it also marks relative uplift of the area to the east (.Steven, 
1967), toward (he area of concutrcndy active magmatism. 
To tlie north, faulting ehanges from a graben (o a west- 

f.uint; normal fault an ! tli<ii lo i northwest-facing 
monocline that bendsarouiid the noiU) west side of (he San 
Luis caldeia and dies out as it approaches the margin of 

the gravity low. As discussed earlier, the Nelson Mount lin 
Tuff is about 0.7 km higher to the uMih of the ban 1 ui^ 
caldeia than it is to the north— a discordance believed to 
measure some of the late general uplift of Ihe area above 

I lie batholith. 

The Gear Oeek graben began to devebp during the 

closing slaves of ilie San I uis < aldeta cycle, and may Ita\e 
been about concurrent with the Crecde caldera cycle. The 
west-facing normal bull at the north end of tlie graben 
already existed uhen the quartz latite of Baldy Cinco was 
erupted, inasmuch as lavas of (his unit potued over and 
covered a scarp related id the fault. Rdaiions are 
itTibiguous near the Creedeca Idem at the southeast end of 
the grabt ii, where widespread glacial uU obscures much of 
the bedrock. We saw no evidence that the graben exlsicd 
when the Creede Formation was being deposited, yet none 
of the faults can be demonstrated to cut (he Creede 
Formation. At least one faul t on trc-nd with the Qear Creek 
graben cuts Fisher Qiuartt Latite flows in (he Spar City 
mining distria on the south sideof theQcedtcaklen, but 
this might reflect late reacttvaiian of an earlier fuilL 

Tht Rio f'.rande and C'ltMr C'reek grabens are thus 
tx-iie\'ed lu reflect general distention and minor buoyant 
uplift uf the eastern }iart of (he ba(holi(h, where Intense 
ash-flow attiviiv and (:)ld<nt sufMidencr demonstrated 
coiuuneni high-level nuigmatum in the underlying 
batholith. 'Ilu- (aulting dies out southeastward and nor di 
westward as it afqwoaches (he margins ol the related 
giaviiy low, and no related graben faults of this age are 
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present in tiie western pan of the gravity low where mil- 
flow eruptions and cakkni subsidences arc older. 
However, the intriratr pattern of vrins nnd "imall fault*; 
thai radiate outward Irom the Sil venon ca Idera may reJIec i 
analogous broad uplift during waning stages of volcanjsm 
in that ana. 

•UXS-fAIILTED AUA 

An area west and w>tithwe<;t of thr Motmt Hop<' cakicra 
is also broken by taults that wtrc iicuuciul) atiuc during 
the period of caJdera fonnation. This strunurally some- 
what anomalous area seems localized where the south 
nuirgin of the gravity low, and presumably of the sub- 
vok.iriit bathulith (fig. I ), c?xtends southwest across a thick 
wedge of Paleoioic-MeKMoic sedimentary rocks marking 
the northern extension of the San Juan Basin (fig. 1 ). The 
faults have the general pattern of a short ladder (fig. !•!), 
with two norihcast-iFcnding faults bounding an area cut 
into iMiTow blocks by inegularly northwest trending steep 

Eaults. St x rral [x riods of movcmcni can be disr« i iicd 

The uldt-M faulting followed deposition of the iiiiti- 
tongued Masonic Park welded tuffs and Sheep Mountain 
andesitic la\as. and pirn-dttl (Itfjosiiion of ilu' I'isli 
Canyon Tull. A later pciiod oi iauUing is indiratcd tii die 
eastern part of the highly faulted area, where andesitic 
breccias and minor flows in the Huerio Fonnation thin 
abruptly from more than 1.500 m to about 70 m thkk 
(•a'>iward across a buried scarp on the Fish f lanyon Tuff. 
Thi» »carp probably marks a local fault that was active 
between deposition of the Fish Canyon Tuff and the 
Huerto Formation. 

The main faulting followed eruption oi the andesitic 
lavas and breccias of the Huerto Formation. The ladder- 

shaped pattern of laiihs forinnl at tliis tinif and thi Kt iicial 
result w^as to depress the area toward the caldera area to the 
north. These fiaulis are superimposed on the steep gravity 
gradient alnng the Miuth side of the underlying Iwtholith 
(fig. I ). and the general effect of the faulting was to waipa 
local segment of the rooi downward toward the batholith 
across its southwestern margin. Fhis faulting did not 
coincide with any particulai ash-fiov t-iu|)tion, but rather 
foUcnved accumidation of episcKlually cm piod andesitic 
lavas and breccias at a number of local volcanic centers. 
The movement thus probably resulted bom magniatic 
movements within the batholith and distention along its 
south margin. This distention may have been in part 
loiaiiaed by the relatively incompetent prevolcanic sedi- 
mentary sequend in this area. 

Many of the faults that formed during tlie main posi- 
Himto faulting were reactivated later, after the Carpenter 
Ridge l uff accumulated In plaf ( <i. this rcat tiv.ut-d itiove- 
nK'iil was in the same direction as theeaiiici iDovcincnt. 
and in other places, the direction of displacement was 
reversed. Most of the post-Carpenter Ridge faulting 



appears to have reflected mmor readjustments in the 
already broken roof of (he bathoHlh. 

■flic ymmRcst faults uitfiin this area rf-flert shallow 
gravity sliding ot liit souUi Hank ul the volcain* pile out 
cner underlying Cietaceous shales. Fracturing took plai t- 
along crescentic faults lacing soutliward toward the edge 
of the volcanic plateau (fig. H). The rocks enclosed within 
these faults were dropped downward toward the south, 
and tilted northward 30° or more by concurrent nxation. 
These faults are related to the present erosional scarp 

along the south side of the volcanii piaicaii, and an- not 
directly related to the older faults that resulted from 
magmatic movement during late Oligpoene volcanic 
activity. 

DISCUSSION 

DEVEJLOPMENT OF THE lATHOUTH 

Cialderas and related subsidence structures in the Saii 
Juan volcanic field are situated within a marked negative 

^lavitv anoinah that is believed to rt flcc t an unili ttvinK 
shallow batholith. Successive ash-flow eruptions and 
caldeia collapses in the volcanic pile above this batholith 
jjffifjahly mark the Irxral rulminaiioiis of upward move- 
ment oi magma: when (he roof of an individual chamber 
Ixxame so thin that it failed, voluminous ash was erupted 
rapidly and a caldera collapsed into rhe (wrtiv <n'acuaied 
magma chamber. Resurgent upward mowrnemof magma 
domed many of the calderas and caused extrusion of lavas 
along the earlier formed structures. High-level 
magmatism, as manifested by volcanic eruptions and 
related structural adjustments, diminished at each center 
as the undcrlyttig cupola crystallized. 

Using this model, we can trace the development of ihe 
high-k vt I batholith beneath the San Juan volcanii fit ki 
from the histories of die successive calderas. The early 
calderas are widely scattered and are eidwr on the nnDgins 
of the gravitv low or on ouiu aid projcc tions Irom it. Most 
ni ihtst early calderas dcvcloptxl wahin clusters of older 
andesitic Straiovolcanoes, and the postsubsidenoe 
eruptions were commonly of intermediate lavas similar to 
the older andesiies. We interpret these calderas to have 
develofxxl alH>\( isolated high-level cupolas of magma 
tliat developed in the roots of older volcanoes before the 
main body of the batholith rose to its present position. The 
upper pans of these cupolas differentiated toquaru lalite 
and low-silica rhyolite, which formed the ash-flow tuffs 
associated with the early calderas, but the quantity of 
silicic material was limited, and the |K)>isnI)sidence lavas 
weie from the underlying relatively undifferentiated 
andesitic magma. 

Thr l.itf-r ( aldf-ras antl nssnriatrd strui lures are above 
(he mam Uxiy ul liie baiholith as iiidicuK d by gravity data. 
At k-asi 12 separate calderas formed within about 3 m.y. 
litis intense activity is believed to reflect the rise of the 
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bathoiith in iwo main high- Ic^cl segmenis corrrsponding 
to the two main caMrra romplrxn. Thr <H>gnimi boirath 
the we&iern San Juan M(Miniain» tmv to shallow drpihii 
about a millian yean bdore the central San Juan segment, 
but high-level magmatic activity in each segmeiu over* 
lap)x^ ill tirTu- 

Thr lop of ihe batholtthic noau o( magma was 
exmisivdy diffeteniiaied— to phenociyst-pnor rhydiie m 
Lh<' upper pans of local cupolas, and lo l.irgr volumes of 
ph«iocry»l-rich quartz latilc bmralh. Ash-flow eruptions 
in the western &m Juan Moiintaiiis depleted the more 

sitirit (liffrrriiliatrs in the upfXT parts of the magma 
ctiambers, and tiit po«isubsidenre lavas were mute utalu 
inienncdiaieKXiinposition un\> from progressix-cly 
greater depths in the < hambers. In the central San Juans, 
however, even the largest ash-flow eruptions did not 
t \hau>t the diOcientiated material in the underlying 
chambers, and the postsubsidence lavas that were etupted 
around the calderas are typically porphy riiit quam tatites 
which are related in composition to the associated ash flow 
tuUs. Local andesitic volcanoes ikm closely associated with 
^ihe calderas tapped deeper, litlh}^ffetentiMfd pansof the 
haihotiih ihioii^hoiit (he period of ash^flow miptions 
and caldcra subsidences. 

The Lake Gly caidera in die wesiem part of thr San 
Juan volc anic field, which is related to eruptions of tfic 
peirologually distinct alkali rhyolite of the Sunshine Ftali. 
Tuff, collapsed about 4 m.y. later than the youngest major 
eruptions of aruIt-M I i( ami <l(ii\ati\c rtn k«. from thf c rmial 
and western paii^ ul On: ,San Jij^u vulcanic iield. 1 lii<> laK; 
caktem is believed to have formed a bo ve a iam high-level 
magnia chamber unrelated to the earlier tcgmenu of the 
bathoiith. 

These interpretations suggest some lime limitations on 
the magmatic life span of a shallow, composite bathoiith 
100 km across. After about 5 m.y. (during the pericxt from 

35 to 30 m.y. ago) of iiiti-ii-<i\c crupiinii ol andc-sidt lavas 
from many scattered cenieis, local magma chambers 10-30 
km across had risen to shalkyw depths beneath someof die 
l.irj;t'T volt ano ( iuMm, and had differentiated sufficiently 
to supply large-volumcerupiion&of»iUcic ash. Within the 
next 4 m.y. (M-26 m.y.) the bathoiith evolved from this 
collection of scntiered r haniH' i v to ,i broad shallow mas-. <>{ 
extensively dtllcrcntiatctl magiiia, and ihtii to virtual 
dormancy . Within another 4 m.y. (26-22 m.y.), the lower 
part of the bathoiith had congealed sufficiently lopermita 
younger, petrologically disiincuve body ol magma to 
work its way up to similar shallow depths, while still 
retaining its compositional identity. 

UXATION or ASH-rLOW ERVmONS AND CALDERA 

St'BSIDEMT 

An esseniially one-io-one lelationsliip exists beiwcrn 
major eruptions of ash flows and subsideinoe of calderas in 



the San Juan volcanic ficlcL Uiueaolved is the voitime of 
ash required lo make this maxim operative. Most of the 

ash-flow sheets we have mapped fia\-e either vtrv small 
(<I0 km*) or moderate (100-500 km*) to large (>500 km*) 
vohunei: caMera subsidence is known or suspected to have 

bcrn associated with all the moderate-volume stux is and 
invariably accompanied the large- volume sheets. Several 
of the caldenui associated with moderate-volume ash-flow 

sheets did not form tomplete circular rollapsr structures, 
but subsided as trapdoors hinged on one side. Siich 
calderas generally were not resurgently domed after 
suhsidcncr Cliilderas associatetl with lar^r-x oliimr shtTts, 
on ihi ruber hand, generally are complete subctfcular 
strut tures, and commonly were tesiugenily domed aftor 
(oIlafMe. 

All large-volume ash-flow units are much thicker 
within the calttoras, typically by an order of magnitude, 
than in the surrounding outflow areas. This relationship 
is most easily explained by subsidence concmtcnt with 
eruption. Many of the large-volume units are compo- 
sitionally loned from early rhyolite to later quanz latite. In 
most, the rhyolite is confined lo the base of the outflow 
sha t. (ommonly near the source, and theexpostxl iniia- 
caldeta lutl is entirely quarii latite. Ihis suggests that by 
the time ash-flow eiuptitmt had lemovedsuffioent magma 
lo (ausf ( ollapw, the rhyolitic material at ihr top of the 
chaiiitxr was usually exhausted- Altemativdy, inuiation 
of ccjI lapse may have disrupted i he \cn i systems and caused 
Lipping of deeper, less differentia nil parts ol the magma 
i-hambcr. No generalization can be made concerning the 
beginning of sulnidenee relative to composition of the ash 
being erupted, however, as the relative volumes of 
rhyolitic versus quarti-latitic ash vary widely from one 
shcx-t to another. At the extremes, no rhyolite at all has 
been found at the base ol the Fish Canyon Ttiff, which 
forms the largest sheet in the San Juan field, whereas 
rhyolitf dominates in both the outflow and intracaldtra 
fades ol ihe large-volume Sapinero Mesa and Carpenter 
Ridge Tuffs. 

OirrERENTIATION IN LOCAL CUPUIj^ 

Evidence for independent differentiation at separate 

\ ( th .inic source areas supports the idea that the successive 
.calderas developed above local cupolas that projected 
above the geneial top of the bathoiith. This postulate is 
inhereni in oui inu rpretaiion of tlit- (k v( lopment of tin 
wiilely scattered early calderas, but appears valid for the 
clustered calderas in the western and central San Juan 

complex rs as wfll 

In the western .San Juan caidera complex, contrasting 
phenocryst*rich quariz-laiitic Uie Ridge Tuff and 
phencKTyst-fxxjr rhyolitic Blur Nfrsa Tuff wt-re rrupted 
sequentially from calderas only a lew kilometres apart, 
and individual magma chambers with separate 
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differeniiaiion neetn required. The later series of erupiions 
of ihyoliiic Dillon Mesa and Sapincfo Mesa Tbifs. 

progrrwivrlv more mafir lava? and brrrrias of the Bums 
and Hcnson Formations, and rhyulilic Cr) sial Lake Tuff, 
all from within the omfines of the San Juan- 
LlncompahgTr Silvmon caldera t lusier, chronicle the 
sequence ot depletion of the differentiated magma at the 
top of one major cupoki,«siablishmentof another cupola, 
further differentiation, and, finaltv. rrnrivrd miptions of 
regencrattti ihyoliie. Inasmuch a.> uiily about 2 ni.y. 
intervened between eruptions of the Ute Ridge and Crystal 
Lalce luffs, these sequential high-le\-el magniaiic 
procrsses must have progressed rapidly. 

I'he major La Garita caldrra in tlie central San Juati 
Mountains occupied much of the roof of the eastern 
segment of the bjtfiolith. Tlic .issix iaird ash flows show 
virtually no tvidmi r of < oiiijjosunjiutl zoning; evidently, 
little highly silicic material had accumulated at thciopof 
the broad magma chamber that supplied the enormous 
quantities of ash for the Fish Canyon Tuff. Ihe magma 
chambers that developed successively along the west side 
oi the La Ganu caidera. however, wcte suongiy 
diffeicntiaied Rhyoltw is a major constituent in the 
Carpenter Ridge. ManuiiDili Muuniaiii. and Wason Park 
Tuffs, which fuliowed in succession from closely 
asooriated ioutre areas. Each of these units hat distinctive 
])lu-niMi\si ( liaiai iciislit s ii <|iiiniik; si parair dr\elop- 
ment, and the first twoare strongly compositionally zoned 
upward from phenooryst-poor rhyolite to phetiocnrst-rich 

f|Liaii/ laritr. All ihiee of these units f \idrnl!v f1r\rlni)rd 
under conditions that permitted loial dillerenuation 
within sequentially fomwed restricted chambers. 

The later Rat Creek, Nelson Mountain, Cocheiopa 

Park, and Snowsho<' Mountain Tuffs are from more 
widely scattered centers, for which local cupolas can 
readily be postulated. Except for the rhyolittc Rat Creek 

Tulf, llirse units are ninsi t\ < omjx ist d i )f . h ist Is sinillat 
phenucrysi-rich quartz latitc, although the Cochetupa 
Park Tuff hassomerhyoliiic ash at iu base. Theovertap in 

time of the arcally separate San I tiis and ("a m heUipa Park 
ralih'ia cycles als<.» iiidicaies «a)iuurr»niiy deM'loping, 
sc[Kirated cupolas containing individually differentiated 
batches o( magma. 

f!oii',id( liiii; i(;r niiHihri ol (attli ias thai developeil 
Mtjueniially within die approximately 4 m.y. of ash-flow 
activity above the San Juan batholiih, differentiation must 

hav«' been telaii^t 1\ lapid to trr-nerafr Mli< i< mai^rna at tlir 
topsol the indu idual i u|X)las. 1 tils IS p.it ilmlai U U ue U<1 
the «if<«ssu>n of Fish Ciinyon, C^iriKiiier Ridge. 
Mammoth .VIouniam, and WaNon Park Tuffs, where the 
related caldeias and soiuce aieas apjwiently overlap and 
the individual high<1««el magma chambers had to develop 
and diffeienliaie in sequence. 



R£iiUROCNCE 

Two brood types of magmaiic uplift and general uplift 
■elated to calderas in the San Juan volcanic field have been 

recognized — -in oik , die uplift was dosclv ( oiifiiutl to the 
caidera and the inunctliately adjacent area and occurred 
soon af ler collapse; in the other, however, broader uplift 

iindlved riiajot M giTU tils rif rfi' nf ilie batholilh and 

fKciured over an extended pcnod. Ihese two types of 
iiiagmatic uplift merge aiKl arc, in places, diflicult to 
distinguish. 

Virtually none of ibe smaller calderas in the San Juan 
volcanic fieM show evidence of testitgent tlominK after 

suIjsidetK e'. F.iiiK dear-cut relations indiratiiiK tio 
resurgent doming are found at the Summiiville, Ute 
Creek, Silverton. and Gochetopa Park calderas, as well as 
ai the buried or postulated Lost Lake, Mammoth 
Mountain, and Wason Park calderas. Of these, the 
.Silverton, Cochetopa Park, and probably the I'le Creek 
calderas subsided as trapdoor blocks with horseshoe- 
shaped incomplete ring-fracture zones interrupted by 
monoclinal hinges on one side; the buried IjOM Ldlcc 
caidera possibly may tiave subsided in a similar manner. 
The Summiiville caktera is deeply buried by a fill of 
andesite flows, and the postulated Mammoth Mountain 
and Wasson Park calderas were largely or completely 
destroyed by younger subsiilenoes. 

Most major San Juan calderas were resurgenth domed 
shordv afi( I subsidrnrr. The I'l.iiorn, 1 .,i G.ii ita. Baihdor, 
.San l.uts, Cicidt, and l*ike Cily lalderas display such 
doming particularly well, and the iionan/a caidera may 
belong to this group. These are the typical resurgent 
cauldrons so well described by Smith and Bailey (1968), in 
which uplift was a definite stage in the caidera eye le(5Uge 
\ ) and was closely confined to the collapsed block and a 
narrow belt around the margin. Uplift clearly seems to 
ha\ < iiMilied fiom (be rise of .i ( eiiiral pluton benealb the 
subsided block, and often was accompanied by escape of 
magma along the marginal rlng-f^etnre sones. The 
iiplifietl blocks witliin these calderas range from nearly 
synunctrical domes cut by tensiunal fractures (the Creede, 
l a ke City. San Luis, and probably La Garita and Bachelor 
caldeias) to tilted trapdoor blocks (the Platoro rafdera). 

Less well defined is the l<mg<ontinued uplift of the area 
of the western San Juan caidera complex. AltfHMigh some 

t\pi«.il K slum lui — in tile sense dest iil>etf h\ Smith .iiid 
Bailey (laOH;— of both the San Juan and Uncompahgre 
calderas may have taken place, the main uplift was of long 
duration and intohcd an o\aI-shaped area that inc luded 
Udh calderas. It began shortly aher collapse ol die San 
Juan and I'nromptahgre calderas, continued ihrou^ 
filling by ItMally derived lavas and sediments of the Bums 
and Mensem Formations, eruption of the Crystal Lake tuff 
and resultant subsidence of the Silverton catdeca, and 
luriber tilling by ash flows Irom intracaldcia mnincs in 
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the central San ju.in Mouiuains. Quite possibly ihc total 
pcnud oi recurrriu uplitt ^patutHla iiiilliotiormoreyears. 
Tbw long<oaiiiiued activity may have mulled in pm i 
bom general buoyant uplift by the najarmagnui chamber 
that undn-lay the whole westevn calcieta complex. 

AjKJthcr fxarnplf of laic general uplift is the Mount 

Hope caldcia. Wc saw no evidence for postcollapse 
renn|{ence> and the luoceeding Fish CamTon Tuff appears 
to have passively fillet! a deep depression After filling, 
however, the whole area of the aUdcra was broadly 
upwaiped, and lo several of iheowriying ash-flow sheets 
wedged out laterally against a low dome in the fT-idera 
area. Again, slight buoyant uplift above either a (x-rsisnng 
cupola of magma, or a later renewed im ui sion of magma, 
would account for the relations seen. This type of uplift, 
arKl to a lesser exu-iit that displayed in the Uncompahgre 
and San Juan calderas in the western part of the volcanic 
field, seems mnsitional to the broad buoyant uplift thai 
aiiecKd the whole euieni pan of the shallow batbolith, as 
described in die section on "Laie magmatic uplift." 

MDnKAUunoN 

Only about a diird of die calderas in die San Juan 
vohanif field are signifiiantty iniiiera!i?eii i.Ste\en, 
Luediie. and odtcrs, 1974). These calderas all tiad complex 
posisubrid en ce histories involving rccuRcnt intrusion 

and extrusion of mapna along the ring-fracture zones and 

lelaied grabens. Some mincialixation may have taken 
place during terminal stages of the associated caMera 

c-ycle. but (he association of mineralization with a given 
caldrta c>'cle geneially seems lenuous, and the caldera 
seems principally lo haive piovided fractures thai guided 
later igneous intrusion and hydroihermal activity. 

The Creede mining distria occupies a radial graben on 
the nonh side of the Creede caldeia. Faulting began 

during resurgence of the Bachelor ealdera, and was 
reactivated several times later during the volcanic history 
of the area. The last faulting took place either late in the 

Creede <aldeJa (lev elojimeni cycle or shonlv iheteafier, 
when a gcncr<illy cquidtmensional area 5-b km acroM just 
outside the Creede caldera wall was broken, probably by 
intiusion of a stock at depth iSteven and taton, 1975). 
important silver, lead, zinc, cupper, and gold ores were 

deposited widely in fiaaures in the heart of the broken 

urcti (Stevrn and Ratte', 1965). TheCrmirraldrra subsided 
about 26.5 m.y. ago, wfiereas theorem wtredeposited about 
24.6 m.y. ago (M. A. Lanphere, P. M. Beihke. and P. B. 
Barton, written commun., 197S). These daiM are perhaps 
too widely separated for the mineralization to be 
considered a terminal phase of the Creede caldera cycle of 
development and should. ii»tead, be considered a later, 
unrelated event. 

Mineialization around the nested PlatoroandSummit- 
ville calderas is even less closely lied lo the caldera cydes. 



The calderas formed 29-30 m.y. ago in response lo the 
repeated ash-flow eruptions of the Treasure Mountain 
Tuff (Lipman and Sieven, 1970; Lipman, 1975a). The 
ring-fracture zones of these calderas were the sites of 
repeated igneous inttuaioin that began shortly after caldera 

subsidence and continiifs) lo ilj-mi 20 m.y. ago. 
Significant mineral depo«iu i^ciu u> be coticcniiated 
where ring fractures of the SummitvilJe and Platoro 
caldera romplex intersect a regional northwest- tn^ndinc; 
fault JMHc (fig. 1) in the Summitville, Stunner, and Fiaioro 
mining districts. Other mineralized areas in or near this 
complex, at Crater Creek, Jasper, and Cat Creek, are also 
localized by caldera-margin faulting and igneous activity. 
The ores at Summitville have been dated by K-Ar methods 
as 22.4 m.y. old (Mehnert, Lipman, and Steven, I97Sb), 
and dius are much loo young to be ded to the main caldera 
cycle's. 

The wt'siein San Juan Moimuins have a complex 
history of mineralization with several distinct periods of 
ore deposition extending over an interval of alwut 15 m.y. 
in late Tertiary time (Lipman and udiers, 1976). In the 
Lake City area, scaueved mineral deposits, currendy of 
liroiied econoidjc signiGanKS» occur in die inmisiveooies 
of intermecKaieHXNnposition stra»yvolcanoes that were 
ai live fielween 35 an<l 30 ni y. a^o, before any of the ash- 
flow eruptions that resulted in caidcia collapses. 
Significant vein and ilisseminated mineraliiation 
occurred within northern pant of the Unconripahgre 
caldera after it collapsed about 28 m.y. ago, but before 
collapse of the Lake City caldera during mtpticm of the 
Sunshine Peak Tuff 22. ?j my. aRO. This timing is 
iiidicaied by minerali.i<^ areas cut off by ihe younger 
subsidence and fragments of mineralized rock in land* 
slide debris within adjacent ports of the Lake City calden 
fill. Additional vein and disseminated mineralvaaion 
occurs within and adjai eni lo the 1 -4keCitycaldeia,aildis 
therefore younger than 22.5 ra.y. old. 

Major veins that follow faults of the Eureka graben (tig. 
1 3 ) between the I jkr City and Silverton calderas seem also 
to have formed alter collapse uf the Lake City caldcia, 
alihoi^h the graben faults existed as pre-Lake City 
structures. Later rninerali/iition seems indicated l)y ihe 
following field relaiicms; (Ij We saw no altered rucks or 
vein fragments in landslide breccias within the Lake City 
caldera adjacent to the Eureka graben, although veintand 
mineralized rocks along graben biuln extend to die 
siructural margin of ihe caldera i 2 i Ai Kngineer Pass on 
the northwest side ol the Eureka graben, silicic quaru 
porphyry intrusions that cut die Sunshine Peak Tuff, 
u hidi was erupted from Lake Cit\ caldera, otcur at the 
junction of a hydioihermally altered breccia pipe with 
associated mineralised veins and have yielded K-Ar and 
fission-trac k ages of 15-22 m.y. (H. H. Mehnert and C. N. 
Nacicr, wiitien commun., 1974). Iht-st- silitrc quaru 
porphyry inirusives, which forma well-defined northeast- 
uending belt extending about 40 km from northwest of 
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Silverton to iiui di ui Laktf Ctiy , range irom quai u laiite lo 
silicic rhyoliif and granite. They are petrolt^cally 
distiiui fiom daird iiiiiiiMons of iht- main tydc of ash 
liows and taldcra collaps<', whidi octuncd a( about 2H 
m,y., but they have < i iM jieirographic aKiniua tt> 
magmas ol the 22.5-m.y. Lake City cyck. 

In the productive Red Mountain district, on the west 
side of the Silverton culdent, intense alteration and 
breccia-pipe mineralization are similarly associated with 
silicic quanz-porphyry intrusions thai have been dated at 
22-23 tTi.\. (H. H. Mchnert and C N N.irscr. writicii 
commun.. 1974), suggesting that mincralizauon in this 
area it young md genetically unrelated to the Silverton 
caldera c>'cle. Tlxe u^e-. of ihr major \ein systems south- 
east and northwest oi tilt Sdvtiion caldera are less certain, 
but at least some of the major veins southeast of Silverton 
cut quartz-porphyr)' intrusions similar to those in the 
Engineer Pass and Red Mountain areas, and replacement 
ores associated with the rich veins on the northwest side of 
the Silverton calden have yielded aduiaiiaJC-Aragesof 11- 
17in.y. (F. S. Fisherand H. H. Mehnert, written commun.. 
1974). Thus, miub — |xTliaj)s all — o( the prtKluciui- 
minemlization structurally associated with the Silverton 
caldeia appean to have occurred at least 6-10 m.y. later 

than formation of the caldera 28 ni \ ago TIu caldera 
appears to have acted mainly as a structural control, with 
tome mineraliiation genetically asiociaied with quanc- 

porpliyr> intnisinn'; that art- ix^rroloRically distinrt frnm 
volcanic rucks eruptt-d dutiii^ the caldera-forming 
process. 

The primary function of calderas in mineralization thus 
appears to be the preparation of zones of weakness in the 
roofs of major niagmachamben. If conditions at depth are 
favorable, some of ikese wnes are the sites of recurrent 
igneotu intrusion and extrusion, locally act omixmied by 
hydrothermal activity and miiRrali/ation. Whether this 
activity is the terminal stage of a specific caldera cycle, or is 
later and generally independent, seems accidental at our 
pic«K tnoMnpleie tune of knowledge. 
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